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. CONTRIBUTIONS OF THE MEDIAL ENTORHINAL AND POSTRHINAL 
CORTICES TO SPATIAL AND CONTEXTUAL PROCESSING 
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Major Professor: Douglas L. Rosene, Ph.D., Professor of Anatomy and 
Neurobiology 
ABSTRACT 
The medial entorhinal and the postrhinal cortices are regions thought to 
critically mediate spatial and contextual processing in the medial temporal lobe. 
However, the manner by which these cortices contribute to spatial processing is 
not unequivocally established. 
In the first study, the entorhinal cortex was periodically disrupted utilizing 
the optogenetic inhibitory opsin, archaerhodopsin (ArchT) while the spatial firing 
of hippocampal neurons were recorded in adult rats. If the medial entorhinal 
cortex is an essential driver of spatial responses in the hippocampus, it would be 
expected that changes in hippocampal neuron firing would be specifically time-
locked to when the inactivating laser is on. Instead, entorhinal disruption causes 
a subset of cells to remap only once during the repeated inactivations; once 
vi 
altered, the remapped cells maintain their new firing patterns irrespective _of 
whether the laser is on or not. This remapping, however, does not lead to a net 
change in the spatial information coded across the hippocampal neuron 
population. This suggests that disrupting medial entorhinal inputs does not 
change the resolution of the spatial representation, but instead changes which 
hippocampal ensemble represents the environment. 
The participation of the postrhinal cortex in processing spatial contexts 
was examined in two experiments. The first experiment examined whether the 
spatial context of an object influences its perceived familiarity, and whether 
lesions of the postrhinal cortex diminish this effect. The second experiment of 
this study investigated whether animals with postrhinal ablations can use spatial 
context to conditionally discriminate which item contains a reward. No deficit was 
observed on either experiment, suggesting that-the postrhinal cortex is not critical 
for processing spatial contexts. 
Though these results suggest that spatial processing is not the essential 
function of these cortices, they do not eliminate the possibility that spatial 
information may be one of several sources contributing to their computations. 
Overall, these studies suggest that the entorhinal and postrhinal cortices use 
. multidimensional information to bias which ensembles are active in the medial 
temp.orallobe, thereby dictating how objects and their relationships are 
processed. 
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CHAPTER 1: 
INTRODUCTION 
Recognizing the pertinent circumstances of the situations that are 
encountered is a fundamental goal of a complex nervous system. By 
understanding the parameters of a situation, an organism can attend to the 
relevant stimuli in its surroundings and make adaptive choices based on which 
objects are available. Registering the context is also important for forming a 
memory of the event, as details and ideas will be linked together insofar as they 
relate to the circumstance. In turn, this contextualized memory can be utilized to 
guide future behaviors by informing the organism about which objects to expect 
in a given circumstance. 
This dissertation considers the nature of context information and how it is 
utilized in the medial temporal lobe (MTL). While previous experiments have 
identified candidate brain areas that are likely to mediate this contextual 
processing in the MTL, little is known about how these brain regions act as a 
coordinated network to achieve this function. In this dissertation, the 
contributions of the medial entorhinal cortex (MEG) and the postrhinal cortex to 
context processing is investigated with a specific focus on how spatial . 
information informs the function of these areas. A proposal is then made for how 
1 
the postrhinal cortex and MEC utilize contextual information to bias the 
· processing of object and event information in the MTL. 
1.1. Theories of Medial Temporal Lobe Function 
As the primary source of cortical afferents to the hippocampus and the 
major cortical recipient of hippocampal efferents, the functions of the MTL 
cortices are closely tied to the function of the hippocampus. As such, the 
theories that have sculpted the study of the hippocampus have also shaped the 
study of the entorhinal cortex and the. intimately-connected perirhinal and 
postrhinal cortices. Though there are many individual theories about how the 
hippocampus works, they are largely framed by one of two schools of thought: 
the hippocampus is a navigational map, or the hippocampus is the substrate of 
the episodic memory of events and experiences. A wide gap between these two 
theories exists, because the ontogeny of each is rooted in widely disparate 
experimental approaches. 
The spatial theory of the hippocampus arose from the discovery of place 
cells in the rat (O'Keefe & Dostrovsky, 1971 ), cells that respond when an animal 
is located in a specific position in an environment and remain otherwise almost 
silent. The striking selectivity of individual cells is coupled with the fact that cells 
across the hippocampal population are selective for different locations, such that 
the hippocampal network as a whole represents the entire spatial environment. 
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Based on the electrophysiology of the network, many researchers concluded that 
this activity represents a spatial map and the processing of the hippocampus is 
foundationally spatial (O'Keefe and Nadel 1978; McNaughton et al. 2006; 
Knierim & Zhang 2012). 
The episodic memory theory is rooted in cognitive neuropsychology. 
Human patients with lesions of the hippocampal formation have severe 
impairments in remembering the details of the events composing an episode 
(Corkin et al., 1997; Milner et al., 1968). Studies of patients that incurred hypoxic 
damage to the hippocampus early in life have shown that the processing and 
acquisition of semantic facts remains largely intact, as these children were able 
to attend normal schools and acquire age-appropriate levels of factual knowledge 
and language comprehension. However, these children were significantly 
impaired in remembering the details of each day's events, and also in remaining 
oriented with respect to time or navigation through familiar surroundings (Vargha-
Khadem et al., 1997; Vargha-Khadem et al., 2001). 
In turn, the functional description of the entorhinal cortices and their 
afferents have indeed been molded by these theories of hippocampal function. 
Research on the structures of the MTL in the rodent tends to use spatial 
behavioral paradigms. As a result, the medial entorhinal cortex and its strong 
afferent, the postrhinal cortex, are often hypothesized to mediate the spatial 
representation that forms the basis of a "cognitive map" (McNaughton et al. , 
2006). Alternatively, researchers that use neuropsychological findings as their 
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theoretical foundation hypothesize that the medial entorhinal and postrhinal 
cortices convey a spatial-temporal context that is utilized to frame the processing 
of object and event information (Eichenbaum et al. , 2012). Both of the 
approaches maintain that spatial information influences medial temporal lobe 
processing, however they differ in whether they consider spatial processing to be 
foundational to the function of the region. 
1.2. Anatomy of the Medial Temporal Lobe 
The connectivity of the MTL provides insight into how information within 
these structures is processed and organized . The MTL comprises the 
hippocampal formation and the surrounding cortices, including the perirhinal 
cortex and the postrhinal cortex (parahippocampal cortex, in primate). The 
perirhinal and postrhinal cortices frame lateral and posterior edges of the 
entorhinal cortex, which is part of the hippocampal formation has dense 
reciprocal connections with the hippocampus proper (Witter et al. , 2000). 
The entorhinal cortex projections to the hippocampus are part of a largely 
unidirectional circuit in the hippocampal formation. The canonical tri-synaptic 
circuit begins with superficial layers of entorhinal cortex innervating the dentate 
gyrus, continuing with the dentate gyrus granule cells projecting to region CA3, 
followed by the CA3 pyramidal cells projecting to CA 1. From CA 1, there are 
substantial projections returning to the entorhinal cortex, which completes the 
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loop. Not all CA 1 efferents target the entorhinal cortex though; many continue 
toward the subicular complex, which sequentially links the subiculum, the 
presubiculum, and finally the parasubiculum. Each of these areas in the 
subicular complex also have their own projections to entorhinal deep layers, 
creating multiple routes to return information to the entorhinal cortex. 
Importantly, the entorhinal cortex sends direct projections to all regions of the 
hippocampus, and is thus forming a dense series of reciprocally connected loops 
(Figure 1.1 ). This intimate connectivity has therefore led to the widely held belief 
that the entorhinal cortex has a strong influence on all processing within the 
hippocampus (Amaral, 1993; van Strien et al., 2009). Because of the close 
relationship that the entorhinal cortex has with the hippocampus, characterizing 
the function of the entorhinal cortex is critical to understanding how the MTL . 
processes information. 
The rodent entorhinal cortex is commonly divided into two major regions, 
the lateral and medial entorhinal cortices. These divisions have had great utility 
for neuroanatomists, as they differentially innervate the hippocampus in 
remarkably distinct patterns. The cells in layer II of the lateral entorhinal cortex 
project to the most distal third of the dentate granule cell dendritic arbor and the 
outermost portion of the dendritic arbor in stratum lacunosum-moleculare of CA3 
and CA2. The medial entorhinal cortex layer II projections are restricted to the 
intermediate third of the granule cell arbor and form a layer just beneath the 
lateral entorhinal projection in CA3 and CA2. The differential projections are 
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even more remarkable in GA 1 and the subiculum: layer Ill of the MEG exclusively 
projects to the half of GA 1 proximal to the dentate and the half of the subiculum 
distal from the dentate, whereas the lateral entorhinal cortex layer Ill cells 
exclusively project to the distal GA 1 and proximal subiculum (Amaral, 1993) 
(Figure 1.2). A similar pattern of connectivity, albeit not as distinct, has been 
observed in the monkey, with caudal entorhinal cortex projecting in a pattern 
similar to the medial entorhinal cortex in rat, and the rostral portion of the 
. entorhinal cortex projecting in a manner similar to the lateral entorhinal cortex 
(Witter & Amaral, 1991). These discrete projection patterns have readily led 
many to hypothesize that medial and lateral entorhinal cortices have distinct 
contributions to the processing of the hippocampus. In turn, this has also drawn 
a lot of interest to the types of information projecting to each of these entorhinal 
cortices. 
The lateral entorhinal cortex receives some of its strongest innervation 
from the perirhinal cortex, while the MEG is more strongly innervated by 
postrhinal cortex (Burwell & Amaral, 1998a). This relationship is also reflected in 
the projections to the hippocampus, as the perirhinal projection to GA 1 and 
subiculum overlaps with the most central portion of the lateral entorhinal 
projection, while the postrhinal projection overlaps with the extreme edge of the 
medial entorhinal projection (Witter et al., 2000). It is thus hypothesized that the 
perirhinal cortex to lateral entorhinal cortex pathway and the postrhinal cortex to 
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medial entorhinal cortex pathway form the basis of separate processing streams 
within the MTL (Eichenbaum & Lipton, 2008; Naber et al., 1997). 
The functions of these pathways have been informed by findings from 
primate visual system anatomy. After initial processing in the occipital cortices, 
visual information becomes separated into two separate fiber bundles; one 
heading ventrally toward the inferotemporal region and one heading dorsally 
toward the parietal lobe. Through a series of lesion studies, it was established 
that the ventral processing stream functions to identify objects, and the dorsal 
processing stream locates objects in space (Ungerleider & Mishkin, 1982). As 
the sequential processing, in each stream progresses, these pathways converge 
on the MTL. The ventral stream culminates with the most advanced object 
processing in area TE, which supplies a majority of the afferents to the perirhinal 
cortex (Mishkin, 1982; Suzuki & Amaral, 1994). Visuospatial information through 
the dorsal stream reaches the most advanced stage of processing in the 
posterior parietal cortex, which has projections to the parahippocampal cortex 
(area TF) (Blatt et al.. 2003; Suzuki & Amaral, 1994). This has led many to 
conclude that processing in the MTL is dichotomized as an extension of these 
'what' and 'where' processing streams (Eichenbaum et al., 2007; Knierim et al. , 
2006; Mishkin et al. , 1997). 
It is, however, worth noting that the dichotomy in the processing pathways 
is a simplification, as there is strong cross-talk between the two processing 
streams. The postrhinal projection to the perirhinal cortex is comparably as 
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strong as its projection to the medial entorhinal cortex; and the perirhinal cortex 
reciprocates this projection, albeit not quite as densely. There is also a 
substantial projection from the postrhinal cortex to a circumscribed area of the 
lateral entorhinal cortex (Burwell & Amaral , 1998a). Furthermore, the medial and 
lateral entorhinal cortices are intensely reciprocally connected themselves 
(Dolorfo & Amaral , 1998). It is the absence of connection between perirhinal 
cortex and MEG that is the most striking separation in the cortical processing 
pathways (Burwell & Amaral, 1998a). In this light, the postrhinal cortex, as a 
strong source of afferents to both cortices, may have a more central role that 
unifies processing across regions, instead of having a partisan contribution to the 
MEG. 
Strictly characterizing the MEG as part of the "where" processing stream 
in the rat might also be too restrictive. The ventral region of the MEG receives 
strong olfactory inputs (lnsausti et al. , 1997), which have not been confirmed to 
carry spatial information. In addition, the 'visuospatial' afferents to the MEG, the 
posterior parietal, postrhinal and retrosplenial cortices, are conveying diverse 
types of information. This ranges from the strongly spatial processing of the 
somatosensory cortex and superior colliculi mediated by the posterior parietal 
cortex (Kerr et al., 2007; Suzuki & Amaral , 1994), to the functionally-
uncharacterized visual afferents of the postrhinal cortex (Burwell & Amaral, 
1998b), to the arguably non-spatial , cognitive inputs from the anterior cingulate to 
the retrosplenial cortex (Jones & Witter, 2007; Kerr et al., 2007; Sugar et al., 
8 
2011). Though it may be tempting to unify these three regions under the banner 
of spatial processing, it remains possible that these three cortices provide distinct 
streams of information that can differentially act upon either spatial or non-spatial 
information. 
9 
Intrinsic Hippocampal Con,nectivity 
Figure 1. 1: Intrinsic Circuitry of the Hippocampus and the Connections 
with the Entorhinal Cortices. The intricate pattern of connections between the 
hippocampus and the entorhinal cortices suggests an intimate relationship 
between the processing of the two regions. 
10 
Cortex Cortex 
Figure 1.2: Projection Patterns of the Medial and Lateral Entorhinal Cortices. 
The discrete projection patterns from the lateral and medial entorhinal cortices to 
the hippocampus are depicted. Blue signifies a terminal field of the medial 
entorhinal cortex, while green indicates a terminal field of the lateral entorhinal 
cortex. 
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1.3. The Function of Medial Entorhinal Cortex 
1.3.1 . Medial Entorhinal Cortex and Spatial Processing 
The function of the medial entorhinal cortex (MEG) has not yet been 
clearly delineated. However, due to the spatial processing associated with 
hippocampal function and the implications from the anatomical literature, many 
previous studies have taken as their premise that spatial processing is 
foundational. to entorhinal function. The following sections review the evidence 
for spatial processing in the MEG, while also detailing contributions to the 
processing of information outside the spatial domain. 
1.3.2. Electrophysiological properties of neurons in the Medial Entorhinal Cortex 
As the main source of cortical afferents to the hippocampus, the entorhinal 
cortex is often hypothesized to be the most likely source of spatial information 
driving the location-specific firing of place cells in the dorsal hippocampus. Until 
recently, researchers had not been able to identify neurons with sharply-tuned 
spatial firing fields in the entorhinal cortex. In 2004, Fyhn and colleagues 
recognized that previous recordings were too far ventral to capture the region 
projecting to the dorsal hippocampus. They made recordings within the 
dorsocaudal portion of the MEG and found neurons that exhibited a repeating 
12 
pattern of spatially modulated activity. The following year, the spatial firing of 
these cells was shown to occur at the vertices of tessellated, equilateral triangles 
that span the floor of the environment (Hafting et al., 2005). As a result of the 
remarkable, regular geometry of this firing pattern, these cells were termed 'grid 
cells'. Subsequently, it was found that the firing fields of grid cells rotate under 
the same conditions that cause place cells to change their preferred firing 
location (Fyhn et al., 2007). Grid cells and place cells also similarly 
compartmentalize segments of a hairpin maze (Derdikman et al., 2009). The 
close ties between grid cell and place cell behaviors led many to infer a causal tie 
between the two (Buzsaki & Moser, 2013; McNaughton et al., 2006; Monaco et 
al., 2011). Importantly, grid cells-- unlike place cells-- are active in all 
environments (Hafting et al., 2005, p. 200). This opens the possibility that grid 
cell ensembles can act as a coordinate system, which could act as the basis of 
the "cognitive map" (John O'Keefe & Nadel, 1978). 
In addition to grid cells, two other types of spatially-selective neurons have 
been found in the MEC. Neurons that respond to the direction that the animal is 
facing relative to the landmarks in the environment, called head-direction cells, 
have been found in the MEC (Sargolini, 2006). The MEC also contains border 
cells, neurons that respond as an animal occupies a position that is a fixed 
distance from a particular wall. It has also been found that the presubiculum and 
parasubiculum contain all three of these spatially-selective phenotypes, which 
constitute roughly 20-40% of the principle cells recorded in each of these regions 
13 
(Boccara et al., 2010). This has led some to hypothesize that processing spatial 
information is the common function unifying these structures (Buzsaki & Moser, 
2013; Derdikman & Moser, 2010). 
In addition to the spatially-selective firing that has been found in the MEG, 
task firing has also been found. The spatial firing in the MEG can strongly 
depend on task demands, as traversing through the same location to different 
goal sites yields significant changes in the firing rate of the neurons (Frank et al., 
2000; Lipton et al., 2007). These studies also found MEG neurons respond to 
the rat's location along entire arms of the maze, unlike the sharp firing fields of 
hippocampal place cells. Together this suggests that the MEG may have a role 
in linking multiple positions together within a single representation, and that the 
representation is selectively active as required by the task demands. 
Though it is often proposed that hippocampal neurons gain their location-
specific firing from the activity of these spatially selective MEG neurons, there is 
evidence that hippocampal place cells may instead be contributing to the grid cell 
firing pattern. A recent study showed that inactivation of the hippocampus with 
muscimol causes grid cells to lose their characteristic firing fields (Bonnevie et 
al. , 2013). This indicates either that hippocampal output stabilizes the spatial 
representation in the MEG, or that the grid cell firing pattern is a direct 
consequence of hippocampal spatial coding. The notion that the spatial 
representation in the MEG is not essential for hippocampal place firing is also 
supported in developmental studies, where it is found that place fields begin to 
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express days before grid fields (Langston et al. , 2010; Wills et al., 2012; Wills et 
al., 201 0). Together these studies cast considerable doubt on whether the MEC 
is unidirectionally driving the spatial representation in the hippocampus. 
1.3.3. Lesions of the Medial Entorhinal Cortex and spatial processing 
There is surprisingly little established about the function of the MEC with 
regard to space in the behavior literature. Deficits in spatial processing have 
been observed with lesions ofthe entorhinal cortex, however there is a wide 
range in the manifestation of the deficits. Impairments have been observed in 
several modes of behavior: navigation, spatial reference memory, spatial working 
memqry, and acquisition of spatial tasks. 
Deficits in navigation as a result of entorhinal ablation would provide the 
strongest claim for a role of entorhinal cortex in spatial processing. However, 
dissociating navigation from spatial memory is not trivial. To eliminate the 
memory component of a navigational task, the target of navigation must be 
perceivable, and would thus test whether the entorhinal cortex aids in plotting a 
trajectory, like a biological sextant. Approach behaviors are typically not used to 
test spatial processing in the MTL though, as rats with lesions of the MEC are 
unimpaired in tasks were the goal is clearly visible (Ferbinteanu et al., 1999). 
Indeed, the animals in the Ferbinteanu study showed deficits in spatial memory, 
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and the 'cue' task was used as a behavioral control to demonstrate that the 
animals were capable of approaching the platform. 
Navigation through path integration , the tracking of position ·relative to a 
starting point by continually monitoring distance and heading (Biegler, 2000; 
Etienne & Jeffery, 2004), is often proposed to be dependent on the MEC (Hafting 
et al. , 2005; McNaughton et al., 2006). In support of this view, lesions of the 
MEC significantly disrupt the homing ability of rats after venturing out from a start 
location to find hidden food (Parron & Save, 2004; Van Cauter et al., 2012). 
Similar deficits have been observed for parietal and hippocampal lesions (Save 
et al., 2001), so these authors argue that parietal cortex, entorhinal cortex, and 
hippocampus are all involved in path integration by monitoring the movements 
through the accumulation of trajectories. It is difficult to evaluate this hypothesis 
though, because the nature of the impairment is not clear. A similar set of results 
would also be expected if these regions support memory for the start location 
within allocentric space. Through either accumulating trajectories or allocentric 
orienting, a memory component is being introduced into this paradigm. Notably, 
a recent study has shown that 'head-direction cells' in the anterodorsal thalamus, 
neurons that signal allocentric orientation, remains intact after lesions of the MEC 
(Clark & Taube, 2011 ). This suggests that the ability to orient to the starting 
location is still intact, and the impairment in navigation is either due to the inability 
to accumulate and update a history of trajectories or the rats simply do not 
16 
remember where home is, respectively indicating an egocentric or allocentric 
memory impairment. 
Most of the behavioral evidence supporting spatial processing in the MEG 
comes from tasks testing spatial memory. These have two varieties: "reference 
memory" in which the animal is tasked with finding a particular location on 
repeated trials over the course of multiple sessions, and "working memory" in 
which the animal is exposed to the target location only once before the memory 
test. Reference memory paradigms tax the ability to utilize well-learned spatial 
representations to guide behavior, while working memory tasks test whether 
spatial representations can be formed and put to use soon after a single 
exposure. 
Impairments in reference memory after MEG lesions would suggest that the 
MEG is integral to forming, retrieving, or possibly even storing spatial engrams. 
Several studies have reported deficits with lesions of the entorhinal cortices in 
performance on the Morris water maze (Ferbinteanu et al., 1999; Nagahara et 
al. , 1995; Oswald & Good, 2000; Parron et al., 2004; Van Cauter et al., 2012) 
and the radial arm maze (Harich et al., 2008; Jarrard et al., 2004). However, 
other studies have found that, while acquisition of reference memory may be 
protracted in ablated animals, their asymptotic levels of performance becomes 
similar to controls after extended learning, both in the Morris water maze 
(Nagahara et al., 1995; Steffenach et al. , 2005) and radial arm maze (Holscher & 
Schmidt, 1994; Kesner & Giles, 1998; Pouzet et al., 1999). , The presence of 
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deficits only during acquisition suggests that the MEC is not essential for storage 
or retrieval of spatial representations after the spatial relationships are well-
learned. Moreover, several studies show no deficit in reference memory with 
entorhinal cortex ablation , in the Morris water maze (Bannerman et al., 2001 ; 
Burwell et al. , 2004; Hagan et al. , 1992; Oswald et al., 2003) and radial arm 
maze (Galani et al. , 2002). Importantly, most of the studies that observed 
sustained impairment subsequent to the acquisition period have been in animals 
with lesions that extend outside the MEC. These lesions include the angular 
bundle and surrounding white matter (Ferbinteanu et al. , 1999; Parron et al., 
2004) and the subicular complex (Oswald & Good, 2000). The precision of the 
intervention is greatly important, because intact communication from the 
presubiculum and parasubiculum has been shown to critically determine the 
magnitude of spatial processing deficits (Jarrard et al. , 2004; Kesner & Giles, 
1998). There is only one study cited above that demonstrated impairment in the 
Morris water maze with precise lesions of the MEC; however animals still 
preferred the correct location, and their deficit was characterized as 'mild' by the 
authors (Van Cauter et al., 2012). 
Impairments on spatial tasks that tax working memory have also been 
observed with entorhinallesions. In these tasks, an animal is required to 
remember the unique location of a target on each trial. Deficits due to full 
entorhinal lesions have been observed in delayed-match to location versions of 
the radial arm maze (Johnson & Kesner, 1994), the T-maze (Bannerman et al. , 
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2001), and the Morris water maze (Nagahara et al., 1995). There are contrary 
studies though where deficits are not seen with entorhinal lesions on the radial 
arm maze (Galani et al., 2002; Jarrard et al., 2004; Kesner & Giles, 1998), the T-
maze delayed match-to-place task (Marighetto et al., 1998), and the T -maze 
spatial alternation tasks (Roth blat et al., 1993). However like reference memory 
tasks, working memory tasks also result in a protracted initial task acquisition 
(Kesner & Giles, 1"998; Rothblat et al., 1993). 
A factor that may be important to medial entorhinal involvement in spatial 
memory tasks is the amount of time that passes between the training sample and 
the probe test. An impairment in working memory due to lengthening the inter-
trial epoch was observed in the radial arm maze (Holscher & Schmidt, 1994) and 
the Morris water maze (Nagahara et al., 1995). Entorhinal ablated animals 
yielded a trend toward impairment on the delayed match-to-placeT-maze when 
the inter-trial interval was increased from 0 to 20 seconds (Marighetto et al., 
1998), and dramatic impairments were observed by the same investigators when 
the delay was further increased to 10 minutes during delayed alternation 
(Bannerman et al., 2001). The fact that increasing delays exacerbates the effects 
of full entorhinal lesions supports a mnemonic role for the entorhinal cortex in 
quickly forming or rehearsing a spatial representation such that it can be used in 
the future. 
An important consequence of entorhinal lesions is that rats become 
behaviorally inflexible when required to solve spatial tasks in a novel way. 
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Lesions of the entorhinal cortex disrupt the ability to transition from using extra-
maze cues to intra-maze cues (and vice versa) in reference memory tests in the 
Morris water maze (Oswald et al., 2003), while there is no impairment when 
training is limited to intra- or extra-maze cues alone. Additionally, entorhinal 
lesions lead to increased perseverative errors while learning a new escape 
location after over-training on a previous location in the Morris water maze 
(Nagahara et al., 1995). Indeed, being unable to recognize that task 
contingencies have changed might explain the acquisition deficits in the 
reference memory tasks discussed above. This theory is further supported by 
the impairments observed in working memory tasks, because the deficits are 
manifest as a result of changing· task contingencies on a trial-by-trial basis. 
Together, these studies suggest that animals with entorhinallesions are 
capable of navigating by utilizing spatial memory; however, the memory cannot 
robustly endure long delays unless it is well practiced. Moreover, when a spatial 
task is over-trained, learning a new location or new task rule is difficult, which 
may be due to an inability to remember changes in task contingencies or to 
convey information about changing contingencies to efferent targets. This 
suggests that the MEC plays a critical role in conveying the relevant parameters 
to control the efficient use of spatial representations. 
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1.3.4. The role of the Medial Entorhinal Cortex in non-navigational tasks 
The discussion to this point has. focused on the role that the MEC plays in 
navigational tasks, however lesions of the MEC also cause impairment in non-
navigational tasks. Deficits in memory for object locations has been observed, 
as rats fail to spontaneously explore objects that moved to novel locations (Van 
Cauter et al., 2012; Van Cauter et al., 2008a). Unlike the lateral entorhinal cortex 
though, the MEC is not actively involved in novel object detection, as assessed 
through lesions (Van Cauter et al., 2012) and cFos expression (Aibasser et al. , 
2013; Wilson et al., 2013). 
Animals with lesions of the MEC are also impaired in developing a fear 
response to spatial environments associated with shock, as exhibited in 
contextual fear conditioning (Majchrzak et al., 2006) and passive avoidance 
learning (Baldi et al., 1998). Impairments in fear conditioning are not limited to 
the spatial domain though, as auditory-trace fear conditioning (Esclassan et al., 
2009) and trace-eyeblink conditioning (Ryou et al., 2001) are also impaired with 
medial entorhinallesions. Importantly, it has been shown in all three 
conditioning paradigms that the MEC is only critical during acquisition, as 
pharmacological intervention during consolidation and retrieval have no effect 
(Baldi et al., 1998; Esclassan et al., 2009; Morrissey et al., 2012). This 
acquisition specific impairment in fear conditioning echoes the impairment 
observed in spatial acquisition, suggesting that the MEC has a more generalized 
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role that facilitates fast, one-trial learning. The trace conditioning paradigms also 
highlight that the presence of a delay between the cue and the aversive stimulus 
critically determines whether the MEC is making an appreciable contribution to 
the avoidance behavior (Esclassan et al., 2009), as animals with lesions are 
unimpaired in conditioning without a delay (Majchrzak et al. , 2006; Ryou et al., 
2001). 
The role of the MEC in non-spatial mnemonic processing is made especially 
apparent by an object recognition study by (Sauvage, et al., 201 0). Lesions 
specifically targeting the dorsocaudal region of MEC, where grid cells are most 
readily found , cause a deficit in a go/no-go test of olfactory recognition memory. 
Notably the scented pots used in this task were always presented in the same 
location, so there was no spatial component to memory performance. 
The role that the MEC plays in non-navigational tasks demonstrates that 
this cortex is not limited to processing in the spatial domain, and suggests that it 
instead might contribute more broadly to mnemonic function. 
1.3.5. Lesions of the entorhinal cortex in the primate 
Studies of primates with selective entorhinal cortex lesions help elucidate 
the broader role that the MEC might play in memory. Monkeys with full 
entorhinal cortex ablations are drastically"retarded in acquiring the delayed non-
match to sample rule (Leonard et al., 1995), and initial post-surgical performance 
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on the task suffers, especially at delays greater than 60 seconds. However, 
monkeys that preoperatively acquire the delayed non-match to sample rule only 
show a mild deficit in re-acquiring the rule as well as only a mild impairment 
recognizing objects at durations longer than 100 minutes (Meunier et al., 1993). 
Indeed after a year of recovery, the monkeys in the study of Leonard and 
colleagues (1995) also exhibited no deficit, except at delays longer than 40 
minutes. 
The complimentary results of these two studies mirror the pattern of findings 
observed for the effects of hippocampal damage on delayed non-match to 
sample. When the rule of the delayed non-match to sample task is learned pre-
operatively, monkeys are found to be unimpaired (Murray & Mishkin, 1998) 
whereas significant impairment in both acquisition and performance at long 
delays are observed when the rule is learned post-operatively (Alvarez et al., 
1995; Beason-Held et al., 1999; lola-Morgan et al., 1989). This might indicate 
that, at least in object-based tasks, the hippocampus and the entorhinal cortex 
cooperate while the animal learns rules about task contingencies during 
acquisition without playing a specific role in object recognition, which is likely 
mediated by the perirhinal cortex (Meunier et al., 1993). 
An inability to update the representational schema is also exhibited in 
monkeys with ablations of the entorhinal cortex. Monkeys with entorhinal lesions 
display excessive avoidant/defensive behaviors, and they do not habituate to 
startling, aversive stimuli even after several exposures (Meunier et al., 2006). 
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Previous work (Meunier et al., 1993) indicates that the monkeys' perceptual and 
recognition ability is intact, so it is possible that the inappropriate aversion 
response could be due to an inability to establish and update an appropriate 
schema in each situation, lending to an unfamiliar and confusing world. 
Monkeys with selective lesions of the entorhinal cortex are also impaired on 
memory tests that require the understanding of complex relationships between 
stimuli (Buckmaster et al., 2004). These monkeys exhibit a diminished capacity 
to link pairs of object associations with overlapping elements (e.g. if A is 
presented, chose B; if B is presented, chose C; 0 if A is presented, chose C). 
They also display an inability to infer the relative value of objects from a circular 
hierarchy of paired-stimulus discriminations (A+/8-, B+/C-, C+/A-). In addition, 
monkeys with entorhinal ablations could not track item novelty based on relative 
spatial position as demonstrated in a inability to complete the delayed recognition 
span test. 
These studies support the idea that the entorhinal cortex is critical for task 
acquisition and acts in concert with the hippocampus to support higher-order 
relational processing. Since the entire entorhinal cortex was damaged in these 
studies, it is possible that these deficits are not the specific result of damage to a 
monkey homolog of MEG. Nonetheless, the parallels seen in task acquisition 
deficits suggest that similar mechanisms may be at play. 
Together the lesion studies in rats and monkeys illustrate that the MEG is 
necessary for managing the circuitry of declarative memory. In spatial memory 
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tasks, the rat MEC is important for efficient encoding and utilization of spatial 
representations, especially with changing task demands. These functions in the 
spatial domain have broader implementation though, as the entorhinal cortex 
also critically mediates quickly acquiring multimodal associations in non-spatial 
tasks and aids in forming schema to link stimuli that have complex relationships. 
These functions that have also been shown to critically depend on the 
. hippocampus (Eichenbaum et al. , 1999; Eichenbaum et al., 2012), suggesting 
that many of the important contributions that the entorhinal cortex to declarative 
memory are manifest through how it interacts with the hippocampus. 
1.3.6. The effects of entorhinal disruption on the spatially-selective firing of 
hippocampal place cells 
To address the issue of how the entorhinal cortex contributes to 
hippocampal processing, several studies disrupted the MEC while recording the 
activity of hippocampal neurons in the awake behaving rat. The first study to 
disrupt the communication between the entorhinal cortex and the hippocampus 
made electrolytic lesions of the medial and lateral entorhinal cortices, and 
recorded from the hippocampus while animals performed the radial arm maze 
task (Miller & Best, 1980). They found that hippocampal neurons still exhibited 
place fields, albeit at lower peak firing rates, indicating that the input from neither 
medial nor lateral entorhinal cortex is essential for place field expression . 
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More recently, Van Cauter and colleagues (2008a) extended these results 
by examining place field changes in animals with radio-frequency lesions of 
MEC. They found repeat exposure to an environment after a 1 0-minute delay 
produced spatial remapping in the majority of place cells in lesion animals, 
whereas no cells remapped in the controls. Instability of the spatial 
representation has also been found in our own lab with temporary inactivation of 
the MEC, as bilateral and unilateral intracortical infusions of muscimol result in 
widespread spatial remapping in CA 1 between visits to a maze (Navawongse & 
Eichenbaum, 2013). Importantly though, cells were found to be stable within 
each environment; it is stability across exposures to the environment that is 
affected by medial entorhinal disruption. 
Van Cauter and colleagues (2008a) were also able to manipulate 
remapping by rotating landmark cues within the maze. They found that all 
hippocampal place fields rotated equally in control animals, whereas only half 
showed that pattern in the lesion animals (n=25). The rest of the cells either lost 
their firing field (n=4), shifted unreliably (n=15) , or were insensitive to the rotation 
(n=7). A similar result was seen in the Miller and Best study (1980) after rotation 
of the arms in the radial arms maze. Whereas all simultaneously recorded place 
cells rotated coherently in controls, they did not rotate coherently in ablated 
animals. Most importantly, when landmarks were removed, a larger proportion of 
place cells in animals with medial entorhinal lesions underwent remapping than 
in controls . Importantly, the proportion of active place cells were not significantly 
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different between groups. These results indicate that the place cells in the 
hippocampus are no less responsive in MEC ablated animals; instead, their 
responses are just not consistently influenced by configurations of environmental 
cues. 
It should be noted that a study using selective unilateral lesions of layer Ill 
neurons in the intermediate MEC yielded a decrement in the specificity of place 
fields in CA1 (Brunet al., 2008). Spatial changes occurred despite no 
concomitant change in peak firing rate, mean firing rate, or bursting, indicating 
that a non-specific effect (e.g. increased excitability) is less likely to explain the 
results. Though the authors interpret the decrement in spatial information as an 
indication of the essential contribution of the MEC, it is important to acknowledge 
that these place cells do indeed still clearly have defined place fields, albeit with 
additional noise in the signal. This leaves open the possibility that the MEC 
contributes to squelching noise, instead of providing signal. Nonetheless, it is 
clear that these MEC lesions do leave considerable spatial selectivity in the 
hippocampus intact. 
In sum, it appears that location-specific activity in the hippocampus is not 
solely dependent on input from the MEC. Though the MEC might not provide the 
essential information necessary for place field expression, it does seem to be an 
important modulator of place cell location-specificity. Specifically, it seems to be 
involved in eliciting a consistent representation of the environment within the 
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hippocampus -- suggesting that the MEG critically contributes to initiating the 
appropriate schema representing the environment. 
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1.3.7. Synopsis of Medial Entorhinal Cortex Studies 
The MEC has been shown to be important for both spatial and non-spatial 
processing. The spatial firing properties of cells in the MEC are compelling , and 
it seems natural to conclude that the function of the MEC is foundationally 
spatial. This idea is especially appealing because the MEC projects strongly to 
the hippocampus, where spatially-tuned place cells are readily observed. 
However, the pattern of behavioral deficits that are observed with lesions of the 
MEC do not support exclusive participation in spatial processing. In fact, the 
bulk of the deficits observed have been in spatial memory tasks that place a high 
cognitive demand on expedient encoding (or utilization) of representations. In 
addition, mnemonic deficits have been observed in non-spatial tasks, in both the 
rat and the monkey. These studies have shown that the MEC is important for 
learning about the complex relationships between stimuli, which are not 
necessarily mediated by space. Finally, studies that disrupt the MEC while 
recording from the hippocampus demonstrate that the MEC does not provide the 
essential signal necessary for hippocampal place field expression. Nonetheless, 
the behavioral and electrophysiological evidence overwhelmingly indicate that 
the MEC is an important contributor to hippocampal processing, potentially by 
specifying how the hippocampus expresses its representations. In sum, these 
findings illustrate that the entorhinal cortex does contribute to spatial memory, but 
its contribution may be less spatial and more memory. 
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1.4. The Function of the Postrhinal Cortex 
1.4.1. Background 
The postrhinal cortex of the rat and parahippocampal cortex of the 
monkey are hypothesized to mediate spatial processing in the MTL. The strong 
connectivity of the postrhinal cortex with the MEC has bound their functional 
descriptions in the literature. As described above, the MEC is often thought to be 
involved in spatial processing; a hypothesis that is bolstered by the striking 
spatial firing patterns expressed by neurons in this brain area. Support for a role 
of the postrhinal cortex in spatial processing also has strong roots in primate 
visual system anatomy. It is well established that there is an object-identifying 
"what" processing stream and an object-locating "where" processing stream 
(Ungerleider & Mishkin, 1982). As the hierarchical processing continues 
rostrally, the parahippocampal cortex, the monkey homolog of postrhinal cortex, 
receives inputs from advanced stages of the visuospatial pathway, which remain 
relatively separate from the object information. It is therefore theorized that 
these distinct processing pathways supply the object and spatial information to 
the MTL, which in turn can be bound to form episodic memories (Eichenbaum et 
al., 2007; Mishkin et al., 1997). 
Like the MEC though, postrhinal cortex also seems to have a function that 
extends more broadly beyond spatial processing. The postrhinal cortex seems 
30 
especially necessary when establishing that disparate elements are related, 
which often is the case in spatial tasks. In this way, the postrhinal cortex may not 
play a role that is limited to spatial processing, but is nonetheless integrally 
important to episodic memory. 
1.4.2. Electrophysiology of the Postrhinal Cortex in Rats 
The lack of intimate understanding about the function of the postrhinal 
cortex is partly due to the paucity of information on the electrophysiological 
behavior of its neurons. If this region was critical for spatial processing, it might 
be expected that many of its neurons would have spatially-specific firing patterns. 
Instead studies that have recorded from neurons in the postrhinal cortex have not 
observed reliable, sharply-tuned , location-specific firing like that seen in the 
hippocampus or MEG (Burwell & Hafeman, 2003; Furtak et al., 2012; Fyhn et al. , 
2004). Some cells do exhibit responses to spatial features, but others only 
respond to object identity, object-location conjunctions, or egocentric cues 
(Furtak et al., 2012). Though neurons in the postrhinal cortex exhibit a complex 
array of egocentric, allocentric and non-spatial responding, this does not 
preclude the region from substantially influence spatial processing in the rest of 
the hippocampal formation. However, it has been found that lesions of the 
postrhinal cortex do not substantially alter the spatial firing properties of CA 1 
place fields, nor do they interfere with the stability of the hippocampus' spatial 
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representation of a particular environment across multiple recording sessions 
(Liu & Silkey, 2002). Though there is not a comprehensive story, the lack of 
consistent involvement in location-specific firing observed in these studies casts 
doubt on a necessary role for the postrhinal cortex in spatial processing. 
1.4.3. Lesions of the Postrhinal Cortex in Rats 
The theory that postrhinal cortex facilitates spatial processing has mixed 
support from studies using spatial tasks. Impairment in learning spatial locations 
in reference memory tasks following ablation of the postrhinal cortex has been 
reported in the Morris water maze, the radial arm maze (Liu & Silkey, 2002), and 
a four-arm plus-maze (Ramos, 2013). Importantly though , deficits subside with 
extended training (Liu & Silkey, 2002), and lesions were found to greatly vary in 
their effect on acquisition (5 of 8 rats were not significantly different than controls) 
(Ramos, 2013). Moreover, other researchers have failed to find deficits with 
postrhinallesions in the Morris water maze (Burwell, Saddoris, et al., 2004; 
Bussey et al., 1999), indicating that the role postrhinal cortex plays in acquiring 
spatial reference memory is, at most, non-essential. 
The role that postrhinal cortex has in one-trial spatial-learning is also 
unclear. Lesions of the postrhinal cortex produce a deficit on a delayed non-
match to place task on the radial arm maze (Liu & Silkey, 2002). Interestingly, 
the magnitude of this impairment was not delay dependent, suggesting that the 
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role of the postrhinal cortex may be non-mnemonic and instead perceptual. The 
delay-independent deficit from postrhinal lesions contrasts to lesions of perirhinal 
cortex that yield deficits only at long delays (Liu & Silkey, 2001). An increase in 
immediate early gene expression in postrhinal cortex has also been observed in 
the standard working memory version of the radial arm maze (Vann et al., 2000). 
However, other investigators that have ablated the postrhinal cortex have failed 
to show deficits in the radial arm maze task (Winterset al., 2004) or in T-maze 
alternation (Bussey, Dias, et al., 2000). 
The postrhinal cortex has been shown to contribute to another type of short-
term spatial memory: recognizing changes in the spatial configurations of 
objects. Postrhinal lesions disrupt performance on the discrimination of visual 
scenes, particularly when detecting changes in the positions of objects (Gaffan et 
al., 2004). In addition, combined lesions of the postrhinal and perirhinal cortices 
disrupt the exploration of perceived novelty after specific objects have swapped 
positions (Bussey et al., 2000). However, this should be taken with caution, 
because the perirhinal cortex alone has been shown to mediate object 
recognition memory (Ennaceur et al., 1996; Meunier et al., 1993; Otto & 
Eichenbaum, 1992). It is therefore unclear if the spatial deficit observed by 
Bussey lab is secondary to being able to recognize the object (Winters et al., 
2004). Nonetheless, the bulk of the evidence from the spatial 'working memory' 
and recognition tasks indicates that the postrhinal cortex plays a role in the 
expedient processing of spatial relationships. 
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A different line of research has implicated the postrhinal cortex in 
recognition of environmental contexts. To study how environmental contexts 
affect the processing of objects, (Norman & Eacott, 2005) examined the behavior 
of rats exploring novel combinations of objects and contexts. Rats have a natural 
tendency to explore a novel stimulus, and the authors found that a familiar 
stimulus displayed in a new context was explored as if it was novel. Lesions of 
postrhinal cortex, and not perirhinal cortex, disrupt this behavior (Norman & 
Eacott, 2005), indicating that postrhinal cortex is either critical for context 
processing or linking contexts to objects. However, the effect of the lesion on 
object-context novelty was ~nly apparent with a delay of two minutes after 
stimulus exposures and ceased to have a differential effect at five minutes, 
suggesting that the intact postrhinal cortex has a facilitatory effect only in earlier 
stages of processing. 
Convergent evidence for a postrhinal role in processing environmental 
contexts comes from f~ar-conditioning paradigms. Acquisition of contextual fear-
conditioning is impaired with postrhinallesions (Bucci et al., 2002). The 
importance of the postrhinal cortex to contextual fear is not limited to acquisition, 
as lesions of the postrhinal cortex induced 100 days after fear-conditioning 
reduces freezing behavior (Burwell et al. , 2004). These results indicate that 
postrhinal cortex is either important to contextual perception, mediating the 
contextual fear, or both. It should be noted though that these functions are not 
specific to the postrhinal cortex as similar results were found for the perirhinal 
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cortex (Bucci et al., 2002; Burwell, Bucci, et al., 2004) and retrosplenial cortex 
(Keene & Bucci, 2008a, 2008b). The cooperation of the postrhinal and 
retrosplenial cortices was recently established in a study demonstrating that 
retrosplenial cells projecting to the postrhinal cortex are more likely to be active 
during contextual fear conditioning. Moreover a cross-lesion paradigm revealed 
that communication between the two regions is indeed necessary for fear 
conditioning (Robinson et al., 2012). Given the evidence from these studies 
demonstrating deficits in processing spatial contexts, the role of the postrhinal 
cortex in operating on spatial information seems to be limited to large-scale 
spatial distinctions instead of precise, coordinate-like location information, like 
that evidenced in hippocampal place cells. Moreover, it is not clear from the data 
whether the postrhinal cortex contributes to the recognition of the environmental 
contexts, facilitating the links between these environmental contexts and non-
spatial stimuli, or both. 
Along those lines, it is important to note that deficits in non-spatial functions 
have also been observed with lesions of the postrhinal cortex. Postrhinal 
ablation disrupts spontaneous cue orientation when a habituated cue 
unexpectedly predicts reward (Bucci & Burwell, 2004). Postrhinallesions have 
also been shown to disrupt the acquisition of a three-choice, visual discrimination 
task, but unlike perirhinal lesions, they do not interfere with performance on the 
retention test (Myhrer, 2000). In addition, the acquisition of auditory-trace eye-
blink conditioning is severely affected by postrhinallesions (Suter et al., 2013). 
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None of these tasks explicitly require spatial processing, and auditory trace eye-
blink conditioning is decidedly non-spatial. The presence of deficits after 
postrhinal lesions in tasks outside of the spatial domain suggests that the 
postrhinal cortex may have a broader function than processing spatial contexts. 
Moreover, it calls into question whether spatial processing is an essential feature 
of postrhinal function at all. 
1.4.4. The Parahippocampal Cortex in Monkeys 
Studies of the function of the parahippocampal cortex (Bonin and Bailey 
Areas TH & TF), the homolog of rat postrhinal cortex in the rhesus macaque, 
help to elucidate a more generalized function for this region. In line with studies 
in the rat, lesions of the parahippocampal cortex disrupt the ability to identify an 
object that changed location in delayed-matching paradigms (Alvarado & 
Bachevalier, 2005; Malkova & Mishkin, 2003). However, parahippocampal 
cortex ablations do not result in a deficit on simple place discriminations, 
reversals in place discriminations, nor in identifying rewarded positions within 
visual scenes (Murray et al. , 1998). The contrast of these findings suggests that 
the parahippocampal cortex is not essential for perceiving spatial positions, but 
that it does play a role in recognizing changes in the spatial relationships of 
objects. 
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Lesions of the parahippocampal cortex also disrupt the preference for 
exploration of a novel visual scene (Bachevalier & Nemanic, 2008; Nemanic & 
Bachevalier, 2004). Just as rats prefer to manually explore novel objects, 
monkeys prefer to visually expl'?re novel scenes. This task implicitly taxes the 
ability of monkeys to form elaborate representations that link the elements within 
each scene. Interestingly, the deficits seen with parahippocampal lesions were 
associated with increased saccadic eye movements during the task, which may 
indicate that the intact parahippocampal cortex is important for focusing attention 
on specific salient features. 
Finally, parahippocampal cortex ablation also disrupts transverse patterning 
in which the valence of any one object depends on its pair. In this task, three 
discriminations are rewarded according to a circular hierarchy as follows: A+/8-, 
8+/C-, C+/A- (Alvarado & Bachevalier, 2005). Hypothetically, this task can be 
solved by two different strategies: the hierarchical relational structure between 
stimuli can be explicitly learned, or each pair of stimuli can be "unitized" as a 
single configuration allowing for a simple discrimination. Because monkeys with 
lesions of the parahippocampal cortex were significantly impaired at learning the 
transverse patterning, it is clear that neither strategy was available; this suggests 
that the parahippocampal cortex may subserve one or both of these functions. 
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1.4.5. The Posterior Parahippocampal Cortex in Humans 
Establishing the relationships between elements is also observed in the 
human literature describing posterior parahippocampal function. Human fMRI 
studies of the posterior parahippocampal cortices show an increase in 
metabolism in a region they dubbed the 'parahippocampal place area' when the 
subjects observe scenes of real-world places (Epstein & Kanwisher, 1998). A 
follow-up study determined that the complex spatial layout of the elements in the 
scene was more important than the_ individual buildings composing the scene 
(Epstein et al., 1999); however it was the combination of objects and spatial 
layout that produced the most profound response. Importantly, serial 
presentation of random scenes yielded more activation than the perceived 
movement through successive, connected scenes, indicating that this area is 
likely not especially active during navigation and is more involved in registering 
sudden changes in the spatial layout. Moreover, activity in the posterior 
para hippocampal cortices during navigation of virtual reality mazes was more 
correlated with orienting the subjects to their objectives (Brown et al., 201 0), an 
'occasion setting' signal, rather than being active during navigation per se. 
These findings from the parahippocampal place area were reinterpreted 
when it was found that scenes with greater semantic context, or similar 
categories, produce greater activity than scenes with semantically ambiguous 
content (Baret al., 2008). The parahippocampal cortices also show an increase 
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in activity when a series of semantically-related scenes or similarly arranged 
objects are presented together (Aminoff et al., 2006; Bar & Aminoff, 2003), 
suggesting that the semantic relationship of perceived elements is an important 
modifier of parahippocampal activity. The response to categorical semantic 
information was not limited to spatial scenes though; the area just anterior to the 
. parahippocampal place area had selective activation for semantically related 
objects, in essence exhibiting a response to categories. Interestingly, the 
retrosplenial cortices exhibited concomitant increases in activity while processing 
semantically-related stimuli. This retrosplenial-parahippocampal interaction is 
reminiscent of the retrosplenial-postrhinal interaction during contextual fear 
conditioning (Robinson et al., 2012), suggesting that the retrosplenial cortex may 
be cooperating with the postrhinal in developing behavioral responses to related 
stimuli. 
The consequence of lesions in humans seem to indicate a role for the 
posterior parahippocampal cortex in spatial processing. Localized damage in the 
right posterior parahippocampal cortex in epileptic patients who underwent acute 
ablations cause a deficit in recreating remembered locations of objects in a room, 
identifying when the spatial positions of an array of objects had been swapped on 
a screen, and pinpointing a location in a dry, human version of the Morris water 
maze (Bohbot et al., 2000). Deficits on the Morris water maze analog were 
greatly exacerbated when the patient was ask to find the 'platform' after a 3D-
minute delay. The findings from human lesions seem to indicate that the activity 
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representing the relationships of objects observed in the fMRI studies makes a 
critical contribution to the ability to understand spatial relationships in the world. 
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1.4.6. Synopsis of Postrhinal Cortex Studies 
Although the postrhinal has been often demonstrated to participate in tasks 
that require spatial processing, the nature of its participation remains elusive. 
Yet despite inconsistent results, a general picture of postrhinal cortex is 
beginning to emerge. Firstly, it does not seem that postrhinal cortex participates 
in a precise, coordinate-like representation of allocentric space, as evidenced by 
the electrophysiological findings and the lack of a sustained deficit in spatial 
reference memory tasks following lesion. However, studies of spatial'working 
memory' and recognition of spatial displacement of objects manifest deficits after 
lesions of the postrhinal cortex. In both cases, the animal must quickly establish 
a representation of the spatial relationships of objects in order to display normal 
behavior. Contextual fear conditioning also depends on the postrhinal cortex, 
which critically requires the fast linking of modally disparate elements --which 
can include their spatial relationships. It is therefore possible that the postrhinal 
cortex makes an important contribution to establishing that elemental stimuli are 
related. This is echoed in the human literature, as semantically related elements, 
especially in the·spatial domain, activate the human homolog of postrhinal cortex. 
The findings that the postrhinal cortex participates in tasks without an 
explicitly spatial component demonstrate that the postrhinal cortex makes 
contributions outside of the spatial domain . Moreover, these data cast doubt on 
whether processing spatial information is an essential component to postrhinal 
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function. Though it may not be tenable to precisely define how the postrhinal 
cortex works given our current lack of understanding , it is possible to test aspects 
of the prevailing theory that postrhinal cortex makes a critical contribution to 
spatial processing. This is the inspiration for Chapter Three of this dissertation: 
Is the postrhinal cortex necessary for processing spatial contexts? 
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1.5. Summary 
Largely due to their anatomical positioning, the MEG and the postrhinal 
cortex have often been hypothesized to mediate spatial processing in the MTL. 
In models of declarative memory processing, these areas convey spatial 
information which is crucial for contextualizing events in episodic memory. 
However, the experimental data supporting these spatial roles is not conclusive. 
Both the MEG and postrhinal cortex have been found to be important for 
performing spatial memory tasks, as lesions of these areas result in deficits on 
these tasks. However, neither cortex is necessary for all types of spatial tasks. 
Impairments are especially apparent on tasks of one-trial learning or when task 
parameters are switched. In addition, both cortices have been shown to be 
critical for performance on non-spatial tasks, which is suggestive of a role outside 
of spatial processing in memory. 
Just as the functions of these regions were jointly defined in spatial 
processing, it is now fitting that an alternative hypothesis similarly defines these 
regions. The pattern of impairments observed with lesions highlights the 
importance of rapidly recognizing changing relationships between stimuli or shifts 
in task demands. It therefore seems most parsimonious that these cortices are 
responsible for defining the appropriate attentional sets dependent on the 
animal's. current circumstances. This role does not directly contradict previous 
theories, as spatial information is often an important factor in determining which 
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stimuli are relevant in a particular circumstance. The definition of attentional set 
is critical to performance on any task, especially one in which the parameters 
change rapidly. The MEG and postrhinal cortices are in a prime anatomical 
position to use multidimensional information to bias the processing of the 
perirhinal cortex and hippocampus, and can thereby dictate how objects and their 
relationships are J?rocessed. 
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CHAPTER2: 
TRANSIENT INHIBITION OF THE MEDIAL ENTORHINAL CORTEX RESULTS 
IN STABLE SHIFTS IN HIPPOCAMPAL SPATIAL SCHEMA 
2.1. Introduction 
The discovery of cells in the dorsal hippocampus that exhibit activity when 
the animal occupies a specific location (O'Keefe and Dostrovsky 1971), termed 
place cells, sparked interest in the role of spatial processing in the hippocampus. 
Though human patients with lesions of the hippocampal formation exhibit severe 
deficits in remembering details of events (Milner et al., 1968; Corkin et al., 1997), 
the discovery of place cells led many researchers to conclude that the activity 
formed a spatial map and that hippocampal processing was foundationally spatial 
(O'Keefe and Nadel, 1978; McNaughton et al., 2006; Knierim and Zhang, 2012). 
Research into the origin and function of spatial information in a structure known 
to be critical to learning and memory has led to further characterization of place 
cells. It is known that ensembles of place cells can create a spatial 
representation that covers an entire environment (Muller et al., 1987). The 
ensemble representation tends to remain stable across multiple exposures to 
that particular environment, but exposing the animal to a different environment 
leads to .formation of a new distinct neural representation (Muller and Kubie, 
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1987). It is important to note that these cells show strong relationships to one 
another. During 4-12Hz theta rhythms that occur with locomotion place cells 
show sequential firing patterns that recapitulate their relative firing (Dragoi and 
Buzsaki, 2006; Foster and Wilson , 2007). This replay of relative firing also occurs 
during sharp wave ripple events of sleep (Wilson and McNaughton, 1994) and 
quiescence (Karlsson and Frank, 2009). This suggests that each place cell does 
not exhibit its spatial firing independently, and that the spatial relationships 
mapping the environment are organized within the brain by an underlying 
schema (Eichenbaum et al., 1999; McKenzie and Eichenbaum, 2011). 
The origin of spatial mapping within the hippocampus remains elusive, but 
it is it is likely the entorhinal cortex, as a major source of afferents to the 
hippocampus, plays an important role. In the last decade, in vivo 
electrophysiological studies of MEG have shown several cell types that exhibit 
spatially selective firing , the most well- characterized of which are grid cells. 
These cells have sharply tuned firing fields (Fyhn et al., 2004) that occur as the 
vertices of tessellated equilateral triangles and span the entire environment 
(Hafting et al., 2005). The pattern of grid cell firing remains unchanged in 
different environments, but the rotational orientation does not (Stensola et al., 
2012) indicating that place cell remapping could be derived from novel 
combinations of grid field intersections (Fyhn et al., 2007). Grid cells and place 
cells similarly compartmentalize the lengths of a hairpin maze (Derdikman et al., 
2009) furthering the idea that these cell populations are intimately connected. 
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The relationships between place cells and grid cells have led many to infer a 
causal tie between the MEC and hippocampus (McNaughton et al. 2006; Monaco 
et al., 2011; Buzsaki and Moser 2013), with grid cell ensembles forming a 
coordinate system as the basis of a cognitive map (O'Keefe and Nadel, 1978). 
Despite the proliferation of models postulating that grid cells drive the 
spatial tuning of place cells, disrupting the entorhinal input to the hippocampus 
has not resulted in the expected substantial changes in the firing characteristic of 
place cells. Instead it is found that the hippocampal representation is no longer 
stable between visits to the same environment when the entorhinal cortex is 
ablated (Miller and Best, 1980; Van Cauter et al., 2008a) or inactivated with . 
muscimol (Navawongse and Eichenbaum, 2013). Selective unilateral lesions of 
layer Ill neurons of intermediate MEC also do not show substantial alterations in 
the firing fields. The lesions resulted in some loss of specificity of CA 1 place 
fields, but these cells still exhibited clearly defined place fields (Brun et al. , 2008). 
Because these interventions were long-lasting it remains possible that other 
afferents or internal connections within the hippocampus itself could compensate 
for the lack of medial entorhinal input. Indeed, studies have shown that several 
other afferents exhibit spatially tuned firing including the anterior nuclei of the 
thalamus (Taube, 2007) and lateral nuclei of the septum (Deshmukh and 
Knierim , 2001) and could act as additional sources of spatial information 
contributing to hippocampal firing . If the MEC is an essential determinant of 
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spatial representation in the hippocampus transient inhibition should result in 
immediate changes coincident with each incidence of inhibition. 
In the present study we address this issue with transient inactivation of 
MEC and simultaneous recordings of dorsal CA 1 place fields to assess the 
effects of medial entorhinal disruption on hippocampal spatial representation . If a 
temporally acute loss of entorhinal input is sufficient to disrupt spatial coding 
within the hippocampus it is likely that the entorhinal significantly contributes to 
that spatial code in the absence of any compensatory mechanisms. 
2.2. Methods 
2.2.1. Subjects 
The subjects in this study were seven male, long-evans rats (Charles 
River Laboratories) weighing 350-400 grams at the beginning of the behavioral 
training (4 ArchT; 3 Sham). Each animal was housed individually and maintained 
in a 12-hour light/dark cycle in the Laboratory Animal Care Facility at Boston 
University. During experimentation, animals were moderately food-restricted to 
maintain a minimum of 85% of their free-feeding weight (Purina rat chow). 
Animals had access to water ad libitum. There was a 1-week period of 
acclimation to the animal facility, followed by multiple days of handling by the 
experimenter, to habituate the animals to their new environment before 
behavioral training commenced. All procedures were approved by the Boston 
48 
University Animal Care and Use Committee and were in accordance with the 
standards set by the National Institutes of Health. 
2.2.2. Behavioral Paradigm 
Prior to implantation, rats were trained to run in one direction around an 
elliptical track. To motivate the rat, a small cereal reward (1/4 size pieces of 
Kellogg's Froot Loops) was placed in the northeast corner of the track upon the 
completion of each lap. The circumference measured 346 em, with the axes of 
the ellipse measuring 118 em and 102 em. The width of the track was 5cm to 
discourage turning. The track was elevated 100 em from the floor. Behavioral 
training was complete when the rat could readily finish 45 minutes of self-
motivated running. 
During an experimental day, rats ran an initial session for approximately 
35 minutes. The first ten minutes served to establish baseline recordings for the 
hippocampal neurons. After the 'Baseline', the entorhinal inactivations began, 
marking the beginning of the 'Intervention' period. The laser were turned on in 
bouts of 10 seconds spaced by a delay averaging 20 seconds, ranging from 17.5 
to 22.5 seconds. Since inactivations were initiated according a temporal 
schedule, the position of the animal was effectively random for every inactivation. 
The laser was initialized 30 times per session for a total of 300 seconds of laser 
on time. After the initial recording session, the animal was unplugged and placed 
in a quiet room with free access to water. A 'Post-Inactivation session' was then 
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recorded 1-2 hours later that consisted of the animal running for approximately 
35 minutes (Figure 2.1). Within-subject comparisons for the effect of the laser 
were obtained by having the rats also run sessions in which there was no MEC 
inactivation. These days were run exactly as described above with the exception 
that the laser was not initialized during the Intervention period. 
To evaluate the effects of the duration of the laser on time, one of the rats 
expressing ArchT underwent MEC inactivation in bouts of 3 seconds spaced by 
an inter-stimulation delay averaging 6 seconds, ranging from 5.25 to 6. 75 
seconds. The laser was initialized 100 times per session for a total of 300 
seconds of laser on time. Similar to the original protocol, a Post-Inactivation 
session was then recorded after a 1-2 hour rest period. 
To evaluate whether the delay between the Intervention period and the 
Post-Inactivation session had an effect, the rat that underwent 3-second bouts of 
laser inactivation had seven days in which the Post-Inactivation session occurred 
immediately after the initial recording period. On these days, the animal was run 
for a 10 minute Baseline, followed by a 15 minute Intervention period consisting 
of 3 second bouts of laser on time spaced by a delay averaging 6 seconds. 
There were 30 stimulations on these days for a total of 90 seconds of stimulation. 
The animal continued to run for an additional 15 minutes without interruption, 
which constituted the Post-Inactivation session. These single-session recordings 
were analyzed separately from the standard dual session days. 
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2.2.3. Implant Construction 
The implants used in this experiment consisted of two components: a 
hyperdrive and an optic fiber. The hyperdrives were composed of all custom-
made materials. The base was molded from light-weight plastic, and contained 
three concentric rings of holes capable of housing 27 independently-movable, 
tetrode microdrives, These holes were centered around a plastic peg holding the 
elevated electronic interface board (Piexon Inc.). A cavity was then drilled on the 
posterior side of the drive base such that a molded plastic setter could be affixed 
to hold the optic fiber connector. The holes that remained after the modification 
were utilized for microdrives (12-20). Each microdrive comprised a tetrode of 
four 121Jm insulated nichrome wires (Kanthal) attached to a small plastic bracket, 
which was drivable by turning an embedded screw into the molded base. Each 
tetrode was protected by silica tubing, and was channeled by a 30-gauge 
stainless steel cannula. The tetrode guide cannulae were gathered and fused 
into a compact bundle, which was directed toward the right dorsal hippocampus 
during surgery. All tetrodes were gold-plated until they had an impedance of 
200k0 measured at 1OOOHz. 
The optic fiber implant was constructed of 2301Jm fiber optic (2001Jm core, 
301Jm cladding, 2501Jm jacketing; 0.39 numerical aperture; Thorlabs), 
connectorized to a SMA connection (Thorlabs). The last 8mm of fiber was 
stripped of jacketing, and a scored 1.5mm 23-gauge steel cannula was glued to 
the edge of the remaining jacketing, leaving ::::6mm of fiber exposed. The scored 
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cannula supplied a rough surface for the acrylic to cement the implant in place. 
Removing the protective jacketing from the fiber reduces the diameter of the fiber 
without reducing light conductance, while limiting the trauma to the brain. The 
end of the fiber was polished to maximize light conductance. Before implant, a 
light intensity curve was developed for each fiber by varying the intensity of the 
stimulating laser. In this way, it was assured that an irradiance of 100-
200mW/mm2 at the tip of the fiber could be readily attained each time the laser 
cable was attached. 
2.2.4. Optogenetic protein and virus description 
Archaerhodopsin is a yellow-green light-sensitive outward-going proton 
pump that is active with light stimulation. When a neuron expresses this protein, 
light hyperpolarizes the cell membrane and inhibits the firing of the neuron. 
Adena-associated viruses (serotype 8) containing mammalian codon-optimized 
genes for archaerhodopsin (ArchT) and green fluorescent protein (GFP)-fusion 
expression vectors under the control of the GAG promoter (AAV-CAG-ArchT-
GFP; University of North Carolina viral core) were infused into the MEG during 
surgery at a concentration of 1012 viruses/ml PBS. Sham animals were infused 
with an adena-associated virus (serotype 8) that did not code for ArchT, but was 
otherwise similar to the virus infeCting experimental animals (AAV-CAG-GFP; 
University of North Carolina viral core). 
52 
2.2.5. Surgery 
Rats were anesthetized with a constant dosing of 2.5% isofluorane via a 
nose cone attached to a stereotaxic frame (Kopf). A body temperature of 36-38 
degrees Celsius was maintained via heating pad under control of a rectal 
thermometer, and the rat was regularly monitored for tissue perfusion via foot 
coloring and depth of anesthesia via tail pinch. Ophthalmic ointment (Puralube) 
was applied to protect the eyes. An injection of buprenorphine (0.05 mg/kg 
subcutaneous) was administered as pre-operative analgesia. 
The head of the rat was shaved with an electric razor, and the skin was 
cleaned with two sequential applications of iodine sterilant (Betadine) and 
isopropyl alcohol. A longitudinal incision was then made with a scalpel extending 
from the frontonasal suture to the occipital crest. The superficial tissues were 
then reflected with hemostats to expose the bregma and lambda sutures so the 
implant sites could be marked (from bregma, hippocampus: AP-3.6, ML 2.4; 
MEC: AP -9.5, ML 5.2). Nine steel screws were then screwed into holes that 
were drilled into the sagittal ridges and occipital bone. Two screws over the 
cerebellum were attached to wires for grounding the hyperdrive. The surface of 
the skull was then treated with liquid suture (VetBond) to bind any residual liquid 
and provide an irregular surface for the next bonding agent. A ridge of dental 
cement (Metabond) was then applied over the screws to act as a secure 
foundation for the implant. The craniotomies were then drilled over the 
hippocampus and MEC. 
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A small incision was made in the dura mater over the MEC, and an 
infusion cannula connected to a Hamilton syringe loaded with the suspension of 
virus was lowered to the dorsocaudal MEC (AP -9.5, ML 5.2, DV -4.5). An 
injection of 1 OOOnl of virus was infused at a rate of 50nl/minute. Afterward, the· 
syringe was left in place for ten minutes to allow absorption into the tissue. The 
syringe was then slowly withdrawn to further minimize spread of the virus up the 
needle tract. The optic fiber implant was then stereotactically lowered to the 
injection site. The remaining space in craniotomy was sealed with Kwik-sil 
(World Precision Instruments, Inc.), and a small amount of dental acrylic (Henry 
Schein) was used to fix the implant into position. 
The dura over the hippocampal region was then reflected and the guide 
cannulae of the hyperdrive were lowered into place. Kwik-sil was again used to 
seal the edges· of the craniotomy and the hyperdrive was fixed with dental acrylic. 
When the hyperdrive was stable, the connector of the optic fiber was carefully 
cemented into its plastic setting on the base of the hyperdrive. The wound was 
then sutured closed (4.0 Ethibond) and dabbed with antibiotic ointment 
(Neosporin). 
After the surgery, the animal was given buprenorphine (0.05mg/kg) every 
12 hours and meloxicam (1 mg/kg) and cefazolin (50mg/kg) daily for three days. 
The animal was carefully monitored until he became ambulatory before being 
returned to the colony. The recovery period lasted at least one week. 
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2.2.6. Electrophysiological Recordings 
Tetrodes were advanced toward CA 1 in the dorsal hippocampus over a 
period of four weeks or more, allowing enough time for optimal expression of 
ArchT. The depths of the electrodes were estimated via turn counts (282f.Jm per 
turn) and electrophysiological features, including theta oscillations and sharp 
wave-ripples in the local field potentials and theta-modulated, complex spiking 
activity. The electrical signals were amplified 4000-8000X and digitized at 
40kHz at 16-bit resolution by an Omniplex Neural Acquisition System (Piexon, 
Inc.). Electrical activity was band-pass filtered for spike activity from 150-8kHz. 
All tetrodes were stationary for 24 hours before data collection to ensure stability 
in recordings. 
The animals' position was captured via an overhead camera that detected 
LEOs attached to the headstage. The coordinates were tracked at 30Hz by the 
Cineplex Digital Capture System (Piexon, Inc.), which synced the tracking to the 
electrophysiological recording. 
2.2.7. Light Stimulation 
Light stimulation was provided from a 200mW yellow-green laser with the 
intensity calibrated to produce 1 00-200mW/mm2 at the tip of the fiber. The laser 
was controlled via TIL pulses delivered by a digital input/output box (NI-6501, 
National Instruments) under the control of custom software (MATLAB), and 
digitally logged by the Omniplex electrophysiological recording. 
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2.2.8. Histology 
At the end of testing, rats were anesthetized with 2.5% isoflurane, and 
401JA of direct current was run through each wire creating a small lesion to mark 
the end of the tetrodes. They were then injected with a lethal dose of euthanizing 
agent (Euthasol), and transcardially perfused with phosphate-buffered saline, 
followed by 4% paraformaldehyde in phosphate-buffered saline. The brain was 
removed and post-fixed in paraformaldehyde for 4 hours. The brain was then 
cryoprotected in one 24 hour saturation of 10% sucrose in phosphate-buffered 
saline, followed by saturation in 20% sucrose in phosphate-buffered saline until 
the brain sank. 
Each brain was cut on a cryostat in five series of 301Jm sections in either 
the horizontal or sagittal plane to best capture the topography of MEC. One 
series from each rat was stained with thionin and used for anatomical 
confirmation of tetrode sites and fiber placement. The other series were frozen in 
20% sucrose cryoprotectant and preserved for future histology. 
2.2.9. Data Analysis 
Neuronal units were identified offline by manually sorting clusters of 
waveforms using Offline Sorter (Piexon, Inc.) . Data was processed first by 
removing low-amplitude signals and high energy noise. Units were then isolated 
by sorting the waveforms based on the relative amplitudes on each wire. Unit 
56 
isolation was corroborated by sorting by the valley-to-peak distance. The quality 
of sorting was judged by screening the auto-correlogram for short, non-biological 
inter-spike intervals, and the cross-correlograms for identical temporal 
modulation -- indicating the possibility of a single unit being split into two. Spike-
sorting and tracking data were imported into MATLAB (The Mathworks, Inc.) for 
further analysis with custom scripts. 
Two-dimensional spatial firing rate maps were created to plot the location 
specificity of each neuron's firing. The tracking of the animal was approximated 
to 5cm2 spatial bins. For each bin, the number of spikes that occurred was 
divided by the amount of time the bin was occupied, yielding the spatial firing rate 
map. Positions that were occupied for less than 500ms were excluded from 
analysis. Values for the criteria defining place cells were taken from the 
unsmoothed map. For Pearson correlations and spatial information scores (see 
below), the spatial rate maps were smoothed by convolution with a two-
dimensional Gaussian kernel (cr=1 Ocm). 
The positional spiking of the neurons were also plotted by lap. For each 
session, the coordinates of the maze outline and the lap start position (1 0 em 
after the reward site) were digitally mapped. The tracking was then 
approximated to the nearest position on the maze to create a linearized position, 
with distances around the maze calculated from the start position. The 
circumference of the maze was then divided into 5cm spatial bins. The number 
of spikes that occurred in each spatial bin for each temporal sample (5 bins of 
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0.033 seconds) was used to calculate the Shannon mutual information score 
(see below). A linearized firing rate map was created for each epoch by dividing 
the number .of spikes in each spatial bin by the time spent in each bin, which was 
then smoothed with a one-dimensional Gaussian kernel (o=10cm). Any position 
that had a rate greater than two standard deviations above the mean was defined 
as part of the spatial firing field. The firing field definition was used to obtain rate 
statistics for the field on each lap. Linearized rate maps were also created for 
each lap by dividing the number of spikes in each spatial bin by the amount of 
time spent in each bin on a lap-by-lap basis. 
Pearson correlations of the smoothed spatial rate maps were calculated by the 
following equation: 
where Zi is the firing rate from the i-th spatial bin in the spatial rate map from the 
first condition and }i is the firing rate from the corresponding i-th spatial bin in 
the spatial rate map from the second condition. Z andY are the mean firing rates 
across all spatial bins in the first and second condition, respectively. 
The spatial information score (Markus .et al. 1994 ), capturing the contrast of the 
spatial tuning, was calculated with the following equation: 
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where Pi is the probability of occupying the i-th spatial bin , Zi is the firing rate 
from the i-th spatial bin , and t is the mean firing rate across all spatial bins in the 
rate map. 
The mutual information score (Oiypher et al. 2003), capturing how well rate 
coding predicted the position of the rat, was calculated by the following equation: 
where Px. is the probability of occupying position xi, Pklx· is the conditional 
! ! 
probability of observing k spikes at position xi, and Pk is the probability of 
observing k spikes over the entire record. 
In order to be included in this study, each neural unit had to satisfy several 
criteria to be labeled a place cell , namely: 1) the infield maximal firing rate must 
exceed 1Hz, 2) the maximal firing rate had to be less than 1OOHz, and 3) there 
must be seven adjacent pixels where the firing rate exceeded two standard 
deviations above the mean for the track. These values were calculated from the 
unsmoothed rate map for the baseline and intervention epochs. 
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2.3. Results 
2,158 units were recorded across all animals, and 1126 of those had place 
fields (52.18%). Of the 768 units recorded in ArchT animals on stimulation days, 
421 had place fields (54.82%). 629 were units recorded in ArchT animals on 
days with no stimulation, and 307 had place fields (48.8%). 227 units were 
recorded in sham animals on stimulation days, and 100 had place fields 
(44.0%). 210 units were recorded in sham animals on no stimulation days, and 
108 had place fields (51.4%). 
2.3.1. MEG disruption changes the spatial representation in the hippocampus 
Transient optogenetic inactivation of dcMEG resulted in an altered place 
representation in GA 1, corroborating the general notion that the MEG makes a 
contribution to the spatial representation in the hippocampus. With optogenetic 
inactivation, we observed a partial remapping of place cells, in which some cells 
maintained their location-specific rate coding, while others changed firing activity. 
The cells that changed showed a mixture of shifts in location preference and 
firing rate at the preferred location. Among the cells that changed, some cells 
lost firing fields and others gained new ones. These multiple phenotypes can be 
seen when contrasting the rate maps during the Baseline epoch against the rate 
maps during the Intervention epoch (Figure 2.2, 2.3). Altered place cell activity 
during periods of MEG disruption was limited to a subset of cells, indicating that 
not all cells within GA 1 are affected by the same entorhinal inputs. 
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2.3.2. Disruption of MEG changes location specificity in CA 1 
Across the population of recorded cells, the location specificity changed 
significantly more during sessions in which the MEG was optogenetically 
inactivated than when it was not. This change in spatial specificity was assessed 
by determining the Pearson correlation of the rate map of the baseline period 
with the rate map of the epoch of intermittent inactivation (Figure 2.4). These 
values were contrasted with the correlations of rate maps in similar time epochs 
during sessions with no inactivation. Place cells recorded whileArchT in MEG 
was stimulated showed significantly lower correlations (Mann-Whitney U: 
PArchT=0.00024), and the correlations were found to be from different underlying 
distributions (KS-test: PArchT=0.0016). Place cells recorded in sham animals 
showed no difference in the median correlation (Mann-Whitney U: Psham=0.5343), 
nor any difference is underlying distribution of the correlations (KS-test: 
Psham=0.9315) (Figure 2.5). Because there are low correlations of the spatial 
plots between the Baseline and Intervention epochs, it is evident that the 
optogenetic inactivation of MEG alters the spatial representation in the 
hippocampus. 
2.3.3. Constancy of the hippocampal spatial representation during optogenetic 
disruption of MEG 
If CA 1 cells inherit their spatial information from a location-encoding 
network in the MEG, the changes observed in the hippocampal spatial 
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representation would be the trivial consequence of a disruption of the MEC 
afferents supplying the elements of the place code. If this were the case, it would 
be expected that the changes in the hippocampal spatial tuning would be time-
locked to the optogenetic disruption of MEC: To address the possibility that 
remapping only occurs during laser induced inactivation, the Intervention period 
was segmented into Laser On periods and Laser Off periods. 
For each unit, the correlation of the Baseline rate map and the Laser On . 
rate map was contrasted to the correlation of the Baseline rate map to the Laser 
Off rate map. There was no significant difference in the median correlation 
(Mann-Whitney U: PArch=0.3601) or the underlying distributions of the correlations 
(KS-test: PArch=0.6199). However, the correlations observed with both conditions 
were significantly different than those observed on days with the no stimulation 
(Mann-Whitney U: PArch<0.0001, PArch<0.0001 ; KS-test: PArch=0.001 0, 
PArch=0.0013) (Figure 2.7). This result indicates that the neurons had similar 
levels of spatial remapping during the Intervention period, whether or not the 
laser was on. 
No differences in the medians or underlying distributions is sham animals 
were observed when the correlations of the rate maps from Baseline and During 
Stimulation periods or the correlations of the rate maps from the Baseline and 
Between Stimulation periods were contrasted to sessions with no stimulation 
(Mann-Whitney U: Psham=0.6790, Psham=0.6790; KS-test: Psham=0.8089, 
Psham=0.8089). 
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Plotting the correlations between the Baseline and During Stimulation 
conditions against the correlations between the Baseline and Between 
Stimulation conditions reveals a linear relationship between these two measures 
(Fig 4. slope=0.98, ,-2=0.88, PArch<0.05) (Figure 2.8). This indicates that the same 
cells that undergo change during stimulation are also changed between 
stimulations. 
The Pearson correlations of the During Stimulation rate maps and the 
Between Stimulation rate maps indicate that most cells have similar spatial 
representations between these two conditions (Fig 2. 7) . There is a significant 
difference between the distribution of these correlations and the distribution of 
correlations during sessions with no stimulation (K-S test: PArch<0.001 ), indicating 
that the cells are even more stable during the Intervention epoch than they are 
during sessions with no stimulation. Given that the representation has been 
shown to be stable during laser stimulation, it isn't surprising that the correlation 
wouid be high, since the During stimulation and Between stimulation epochs are 
temporally intertwined. It is therefore valid to consider the Intervention period a 
homogeneous epoch in the following analyses. 
2.3.4. Duration of Stimulation Has No Effect on the Remapping Phenomenon 
The remapping phenomenon did not depend on the duration of light-on 
bouts. Three rats were tested with ten second light-on bouts, yielding 323 place 
cells on intervention days and 196 cells on no-intervention days. Following this 
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group, an additional rat was tested with three second light-on bouts, yielding 98 
place cells on intervention days and 111 cells on no-intervention days. 
Separating the data from the 10 second rats and the 3 second rat yielded 
the same results for each group as the combined data. The medians of the 
correlation values between the Intervention epoch and the Baseline were 
significantly different from correlations during days with no stimulation for 1 a-
second and 3-second stimulations (Mann-Whitney U: PArch-10sec=0.0032, PArch-
3sec=0.0073), and the underlying distribution of correlations were significantly 
different for both groups (KS-test: p=Arch-10sec0.0475, PArch-3sec=0.0167) (Figure 
2.9). Additionally, there was no significant difference in medians or the 
distributions of Baseline versus Intervention epochs of 1 0-second and 3-second 
stimulations when compared against one another (Mann-Whitney U: p>0.05; KS-
test: p>0.05). 
To further corroborate the similarity of the results, the Intervention epoch 
was divided into periods "During Stimulation" and periods "Between Stimulation" 
for both 1 0-second stimulation animals and the 3-second stimulation animal. It 
was again found that the results did not differ between the groups. The median 
value of correlations between the Baseline and During Stimulation conditions and 
the correlations between the Baseline and Between Stimulation conditions was 
not significantly different in either group (Mann-Whitney U: PArch-10sec=0.4083, 
PArch-3sec=0.7065), nor was the distribution of the correlations different in either 
group (KS-test: PArch-10sec=0.7114, PArch-3sec=0.8866). Additionally, the 
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correlations for days with no-stimulation were significantly different at both 10-
and 3-second stimulations for both the correlations between the Baseline and 
During Stimulation conditions (Mann-Whitney U: PArch-10sec =0.0009, PArch-3sec 
=0.0093; KS-test: PArch-10sec =0.0091, PArch-3sec =0.0405) and the correlations 
between the Baseline and Between Stimulation conditions (Mann-Whitney U: 
PArch-10sec=0.001 0, PArch-3sec=0.0093; KS-test: PArch-10sec=0.0114, PArch-3sec=0.0405). 
2.3.5. Place Cells Retain Their Optogenetic-lnduced Remapping 
To test whether the place cell remapping persisted without stimulation, the 
spatial plots of Post-sessions recorded 1-2 hours after stimulation sessions were 
compared with plots recorded during the stimulation sessions. The median 
correlation of the Intervention epoch with the Post-session was significantly 
higher than the median correlation of the Baseline with the Post-session (Mann-
Whitney U: PArch<0.001 ), and the underlying distributions of each of the 
correlations were significantly different (KS-test: PArch=0.0218) (Figure 2.1 0). The 
higher correlations for the Intervention epoch with the Post-session demonstrate 
that the remapping that occurs is more likely to be retained than return to 
baseline. 
Plotting the correlations between the Intervention and Post-Session 
conditions against the correlations between the Baseline and Post-Session 
conditions demonstrates that more cells retained their firing field developed 
during the Intervention epoch (Figure 2.11). Cells that fall on the diagonal had 
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equivalent correlations with the Post-Session in the Baseline and Intervention 
epochs. Cells below the diagonal were more similar in the Post-Session to their 
Baseline spatial tuning, while cells above the diagonal were more similar to the 
Intervention epoch. This indicates that the neurons maintain their remapping 
long after the intervention has ceased, suggesting that the network has 
undergone plasticity. 
To further characterize the persistence of the remapping, 45-minute 
testing sessions were run that comprised contiguous Baseline, Intervention, and 
Post-Session epochs. This procedure compensated for the complications in data 
analysis that occur as a result of merging multiple recording sessions, which may 
have lead to mischaracterizing the persistence of the remapping. The median 
correlations between Intervention and Post-Session epochs were again found to 
be significantly higher than the correlations of the Baseline with the Post-Session 
(Mann-Whitney U: PArch=0.00012; KS-test: PArch=0.0001), indicating that the 
spatial maps developed in the Intervention period were more likely to be 
expressed in the Post-Session (Figure 2.12). This is further illustrated by plotting 
the correlations between the Intervention and Post-Session conditions against 
the correlations between the Baseline and Post-Session. 
2.3.6. Changes in Rate Coding 
In addition to the changing where the cell preferred to fire, MEG 
inactivations also changed the magnitude of the firing rate within the place field. 
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The median in-field firing rate from each lap in the Baseline period was compared 
with the median of the Intervention period firing rates using the Mann-Whitney U 
statistic (significant change set to p<0.05). Rate changes often occurred 
between the Baseline and Intervention periods, regardless of whether rats had 
been infected with the ArchT virus or rats had light exposure during the 
intervention period (51.92%, 486/936). However, MEG inactivation via ArchT 
caused significantly more firing rate changes than when the MEG was not 
inactivated (58.91% vs. 41 .37%, X2 test: PArch<0.00001 ), Exposing the MEG of 
sham animals to light did not yield a significant difference in the proportion of 
place cells that changed their rate coding (54.00% vs. 52.78%, X2 test: 
Psham=0.8599) (Figure 2.13). 
The effect of MEG inactivation on firing rate was not limited to place cells 
that changed their preferred location. When the analysis was limited to units that 
· had a moderate (r>0.75) or high (r>0.9) spatial correlation between the Baseline 
and Intervention epochs for ArchT stimulated animals, the results were the same 
(respectively, 58.47% vs. 43.11%, X2 test: PArch-r7s=0.0001; 55.99% vs. 42.5%, 
X2 test: PArch-rso=0.0021). There was again no effect of stimulation on rate coding 
in sham animals (respectively, 43.75% vs. 51 .11%, X2 test: Psham-r7s=0.3375; 
49.25% vs. 48.68%, X2 test: Psham-r9o=0.9458) (Figure 2.14). This result 
demonstrates that inactivating the MEG via ArchT significantly changes the rate 
coding in GA 1, irrespective of whether the hippocampal cells have changed their 
spatial tuning. 
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Plotting the change in firing rate of each cell reveals that there is no 
significant difference in the average firing rate change for the population when 
comparing sessions in which ArchT was stimulated than when it was not (Mann-
Whitney U: PArch>0.05). This indicates that ArchT stimulation did not cause a 
change in excitability ofthe CA 1 cells. However, examination of the distribution 
of the changes in firing rate reveals a significant difference between sessions 
with stimulation and sessions without (KS-test: PArch>0.05), indicating that the 
range of firing rate changes are greater when ArchT is stimulated. Sham animals 
did not have any significant difference in median firing rate change (Mann-
Whitney U: Psham>0.05), nor was there a significant difference in the distribution 
of rate changes (KS-test: Psham>0.05). 
2.3.7. Mutual Information Scores Characterize Changes in Spatial 
Representation Across the Population in CA 1 
Because CA 1 neurons show a combination of changes in spatial tuning 
and rate coding, Shannon's Mutual Information best captures the conjunction of 
the effect of the ArchT stimulation. The Shannon Mutual Information score 
captures how reliably the spike rates of a cell distinguish positions on the maze. 
Mutual information thus describes rate and spatial specificity, in addition to 
reliability. Therefore low mutual information scores would indicate cells that do 
not have a stable spatial representation, and high mutual information scores 
indicate that the coding of a cell is spatially-specific and remains unchanged. 
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The Shannon Mutual Information score was calculated for each recording 
session (Baseline together with Intervention) to detect neurons with low scores, 
indicating that they had an inconsistent spatial representation. The median 
mutual information score for stimulated ArchT sessions was significantly lower 
than sessions without stimulation (Mann-Whitney U: PArch=0.0043), and the 
underlying distribution was different (KS-test: PArch=0.0028) (Figure 2.15). There 
was no difference in mutual information with light stimulation in sham animals 
(Mann-Whitney U: Psham=0.1282; KS-test: Psham=0.1282). The low mutual 
information in the stimulated ArchT animals indicates that the CA 1 neurons were 
not consistently coding space well over the course of the session. However, 
when the mutual information scores for each epoch were calculated separately, 
there was no difference in the median mutual information score for each session 
(Mann-Whitney U: PArch>0.05), nor was there a difference in the distribution of 
scores (KS-test: Psham>0.05). This result indicates that there are similar amounts 
of mutual information in CA 1 during the Baseline and Intervention epochs in light-
stimulated ArchT animals. Therefore the low session mutual information was 
due to the hippocampus switching between two different, but comparably 
informative, processing states. 
To further characterize the shift between the Baseline and Intervention 
epochs, the change in mutual information was calculated for each neuron. There 
was no difference in the median change in mutual information between sessions 
with light stimulation and those without for ArchT animals (Mann-Whitney U: 
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PArch=0.2021), corroborating that the average amount of mutual information is not 
changing. However, there was a significantly wider distribution with light 
stimulation (KS-test: PArch=0.0357) . Sham animals show no difference in median 
change in mutual information of the distribution (Mann-Whitney U: Psham=0.7478; 
KS-test: Psham=0.7872) (Figure 2.16) . Together these results suggest that the 
wider array of mutual information changes due to light-stimulated ArchT are 
balanced , and the population contains the same amount of information during 
Baseline as it does during Intervention. 
2.3.8. Integrity of Spatial Representation 
To ensure that' the neurons were not significantly changing their ability to 
represent the spatial environment, standard measures of spatial specificity were 
calculated. No difference could be found in Skaggs information when comparing 
the distribution of the scores during Baseline and the Intervention period (Mann-
Whitney U: p=0.3142; KS-test: p=0.530). There was also no difference in the 
distribution of sparsity (Mann-Whitney U: p=0.2250; KS-test: p=0.3714). 
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2.4. Discussion 
In concert with previous studies that disrupt medial entorhinal 
communication to hippocampus, the findings here do not support the view that 
MEC is the essential contributor to hippocampal spatial coding. Despite 
inhibition of medial entorhinal circuitry, hippocampal place cells continued to 
exhibit spatially-selective, concentrated firing. Some hippocampal neurons alter 
their spatial firing though, indicating that the MEC does have influence on 
hippocampal spatial coding . Notably, these changes did not diminish the spatial 
selectivity of hippocampal neurons, as might be expected if the essential driver of 
spatial-specific firing was removed. Instead, medial entorhinal silencing caused 
a subset of hippocampal cells to change their location preference or "remap". 
Once altered , the remapped cells maintained new firing patterns that persisted 
regardless of whether silencing was ongoing. Since silencing medial entorhinal 
activity did not have a time-locked effect 'on the spatial representation in the 
hippocampus, the medial entorhinal output must not be conveying the 
constitutive signal of the hippocampal spatial code. 
It is important to note that remapping did not lead to a decrement in the 
· spatial information reflected in the firing patterns of the hippocampal population. 
The analysis of changes in Shannon mutual information shows that inhibition of 
the MEC causes a wide variety of shifts in the spatial coding of the population; 
however the shifts in spatial information are balanced across the network, such 
that there is no net change. These observations suggest that silencing medial 
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entorhinal activity does not change the resolution of the spatial representation, 
but instead qualitatively changes the hippocampal ensemble representation of 
the environment. 
I 
2.4.1. Hippocampal Stability 
It is remarkable that phasic changes in entorhinal cortex inhibition result in 
a tonic shift in the spatial representation in the hippocampus. Not only does this 
mean that hippocampal spatial selective firing is not reliant on the MEC; it also 
indicates that the spatial coding in the hippocampus can withstand the variable 
output from the transiently inhibited MEC. This suggests that structure within 
hippocampal spatial firing is robust to interference from inconsistent output of the 
MEC. 
It has been proposed that the circuitry of the hippocampus provides the 
substrate to link experiences together within a relational schema (Eichenbaum et 
al. 1999). The synaptic matrix within the hippocampus is thus thought to have 
the means to store relationships between spatial locations (McNaughton et al. 
1996), and may therefore support the stability of location-specific firing observed 
in this experiment. Previous work has established that the spatial relationships of 
place cells are recapitulated in sequential firing while the animal is quiescent, in 
both sleep replay (Wilson and McNaughton 1994) and stationary waking replay 
(Karlsson and Frank 2009). This indicates that the structure exhibited by place 
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cells is not solely driven by locomotion or the perception of changing cues, but 
instead suggests that the spatial relationships are stored within the brain. 
As the spatial representation in the hippocampus remaps in each novel 
environment, the hippocampal representation depends on having the appropriate 
reference frame for the current environment. Once the proper cognitive 
reference frame is established, attractor dynamics within the intrinsic circuitry of 
the hippocampus stabilize the spatial representation as the animal re-
experiences the spatial relationships (McNaughton et al. 1996). As the recipient 
of a variety of highly processed associational information, the MEC is in a prime 
position to assess the current 'context' of the animal, and subsequently bias the 
appropriate hippocampal ensemble. Once the appropriate relational schema is 
established, incoming stimuli to the hippocampus are represented via the 
ensemble that is already potentiated. Moreover if there are two potentially 
applicable schema, the MEC could dictate the shift between the two attractor 
states in hippocampus. Jezek and colleagues showed that exposure to two 
different environments elicits the expression of two orthogonal hippocampal 
maps, and that instantly switching between their defining environmental cues 
caused the hippocampus to temporarily undergo rapid switches between the two 
competing schema (Jezek et al. 2011 ). Given the evidence from this experiment, 
one might hypothesize that the MEC stabilizes the appropriate hippocampal 
representation once the current environment is recognized. 
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In the current experiment, MEG inhibition resulted in the formation of a 
new population schema consisting of cells that remapped to a new location as 
well as cells that maintained their pre-inactivation activity. Transient MEG 
inhibition thus results in a population code that is a stable blend of the initial 
baseline and peri-inactivation states. This result may be partly due to the nature 
of the optogenetic technique such that the brief, transient inactivations are not 
sufficient to establish a second, distinct peri-inactivation schema. It is therefore 
proposed that the changed MEG inputs shift the hippocampal network to a new 
stable schema that is modified from the existing structure. 
2.4.2. Concluding Remarks 
The results of this experiment suggest that the input from the MEG is 
critical for establishing which hippocampal schema will represent an 
environment. Through biasing which ensembles in the hippocampus can be 
active, the MEG influences the internal dynamics of the hippocampus, which in 
turn ultimately dictate how the spatial representation is expressed. In this 
formulation, the proposed mechanism does not require that the signal coming the 
MEG is spatial in nature. This theory does not preclude the possibility that 
individual spatially-tuned neurons in the MEG might also make direct 
contributions to the spatial tuning of individual hippocampal place cells. 
However, the present experiment would not be able to tease these one-to-one 
contributions apart, because the effect is integrally woven in with the global 
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network changes. Together, the results of this experiment suggest that MEG may 
play a role in recognizing the current circumstances to frame how events are · 
processed . 
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Figure 2. 1: Experimental Paradigm. 
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Delay 
Post-Session 
(35 minutes) 
A: Neurons in the CA 1 region of the dorsal hippocampus were recorded while the 
ArchT expressing neurons in the medial entorhinal cortex were intermittently 
optogenetically silenced. B: Neural recordings occurred as rats ran 
unidirectionally around an elliptical track. C: A recording day had three phases: 
first a 10 minute Baseline, followed by a 25 minute Intervention period , then a 35-
minute Post-Session, which occurred after 1-2 hour rest period. During the 
intervention period, the medial entorhinal cortex was silenced 30 times for 10 
seconds each, spaced by a delay that averaged 20 seconds. 
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Figure 2.2: Remapping Neuron-- Rate Maps and Lap-by-Lap .Piots 
Once medial entorhinal cortex inactivation induced remapping in a CA 1 neuron, 
the new field remained stable, irrespective of whether stimulation was ongoing. 
A: Rate maps of the spatially specific firi ng of the neuron averaged within 
condition. B: Lap-by-lap breakdown of the averaged firing observed in A. 
C: Lap-by-lap plot showing the neuron's activity during the Baseline and 
Intervention Epoch demonstrating the stability of the remapping . 
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Figure 2.3: Remapping phenotypes 
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Hippocampal neurons exhibit a variety of remapping behaviors, which included a 
combination of changes in rate and location preference. Many cells changed in a 
binary way by gaining or losing location specificity. 
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Figure 2. 4: Quantification of Spatial Remapping by Pearson Correlation 
The spatial remapping of neurons was capture by performing Pearson 
correlations of the rate maps between conditions. The figure demonstrates the 
comparisons that are used in the following analyses. 
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Figure 2. 5: Distribution of Spatial Correlations -- Stimulation vs, No Stimulation. 
The coefficients of the Pearson correlations comparing the Baseline to the 
Intervention period are plotted for days where the ArchT was stimulated and 
when it was not. Histograms are on the left and cumulative population density 
curves are on the right. Rats that expressed ArchT showed significantly lower 
correlation values on average (Mann-Whitney U: p<0.01) and the shape of the 
distribution was significantly different (KS-test: p<0.01 ). Sham rats were 
unaffected by the laser stimulation. 
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Figure 2. 6: Distribution of Spatial Correlations in Each Rat. The Pearson 
correlation coefficients plotted in Figure 2.5 are broken down by rat. These 
histograms plot the number of place cells from each rat that contributed to the 
population curves. 
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Figure 2. 7: Distribution of Spatial Correlations -- Separated into Epochs of During 
and Between Laser Stimulation. The Pearson correlations comparing the 
Baseline versus epochs During Laser Stimulation, Baseline versus epochs 
Between Laser Stimulation epochs, and the During Laser Stimulation versus the 
Between Laser Stimulation epochs demonstrate that the effects of MEC 
inactivation are not limited to the specific times that the laser is on. All three 
correlation distributions were contrasted against each other and the control days 
without stimulation. No difference was found between Baseline vs During Laser 
and Baseline vs Between laser, indicating that the population is stable in its 
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representation once it remaps; however both of those comparison were 
significantly different that controls (Mann-Whitney U, p<0.01 ,0.01; KS-test, 
p<0.01, 0.01) reiterating that the laser stimulation is causing neurons to remap. 
No effect of laser stimulation was observed in sham animals. 
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Figure 2. 8: Rate Maps Show Comparable Correlations to the Baseline 
Irrespective of Laser Being On or Off. This plot shows that each rate map is 
similarly spatially correlated to the Baseline no matter whether it is during or 
between Laser stimulation (~=0 . 88 , p<0.05), indicating that the spatial 
remapping is stable for each cell. 
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Figure 2. 9: No Effect of Stimulation Duration on the Remapping Effect. 
Stimulations of 3-seconds and 1 0-seconds were equally as effective for inducing 
remapping as compared to days where the was no stimulation (Mann-Whitney U: 
PArch-10sec<0.01, PArch-3sec<0.01; KS-test: PArch-10sec<0.05, PArch-3sec<0.05). 
85 
0.7 
- AJ ch B .. ehneVsPoSI -~ch B.aselineVsPosl 
[=::JArch St l ml,JI~t ionVsPo;t 0.9 Atch SlimulollonV•Post no 
0.8 
c 
OS 07 
., 5 
~ ~ 06 ~ 0 4 :; 
" 
"-2_ ., 0.. 0,5 
" " :6 0 3 - '~ 0.4 ,, ~ 0 
., ,, 
'il 0 2 :g 0.3 
0: 0: 
0.2 
0 I 
0.1 
.%a ·~8 ·0 6 04 0 6 0.8 
Pear:::::•:>n C•Jrreli!tion Pearson Corrt iMi•'n 
Figure 2.10: Stimulation Induced Remapping is Retained During the Post-
Session. Contrasting the Pearson correlations of the Baseline versus the Post-
session to the correlations of the Intervention period to the Post-session shows 
that there are significantly higher correlations between the Post-session and 
Intervention period (Mann-Whitney U: p<0.001; KS-test: p<0.05). Shams 
showed no difference between the correlation of the Post-session with Baseline 
and Intervention periods (Mann-Whitney U: p=0.77; KS-test: p=0.97) . 
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Figure 2.11: Skew Towards Manifesting the Spatial Representation from the 
Intervention Epoch. A: This plot illustrates that each Post-session rate map is 
differentially spatially correlated to the Baseline and Intervention epochs. The 
concentration of cells above the diagonal indicates that cells in the Post-session 
are more likely to express the Intervention period spatial representation than that 
from the Baseline period, indicating that the remapping is not transient. The 
collection of cells along the diagonal in the lower left quadrant represents cells 
that remapped during the intermission before the Post-session. B: In contrast to 
A, Post-Inactivation sessions on control days were not differentially correlated to 
the Baseline or Intervention period. 
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Figure 2. 12: Sustained Remapping in Immediate Post-Session after Short 
Intervention Period. Contrasting the correlations between a shortened, fifteen 
minute Intervention period and an immediate Post-session with the correlations 
between the Baseline and Post-session show a strong retention of the 
Intervention period spatial representation. Comparison to Figure 2.11 reveals far 
fewer cells in the lower left quadrant, indicating that novel Post-session 
remapping is far less likely when there is not a long delay after the Intervention 
period . 
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Figure 2. 13: Changes in Firing Rate Within the Place Field. The average firing 
rate from each lap was compared during the Baseline and Intervention period 
using the Mann-Whitney U. Neurons that significantly change their firing 
between the epochs (p<0.05) were tallied and compared between groups. A 
significantly greater number of cells changed their firing rate with inhibition of 
medial entorhinal cortex when compared to days with no stimulation (X2 test: 
PArch<0.00001 ). Sham animals showed no effect with laser stimulation (X2 test: 
Psham=0.8599). 
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Figure 2. 14: Changes in Firing Rate Within the Place Field -- Contrasting With 
Spatial Remapping. To detect whether rate remapping was completely conflated 
with spatial remapping, neurons in this analysis were only considered if they met 
a threshold spatial correlation between Baseline and the Intervention period. The 
average firing rate from each lap was compared during the Baseline and 
Intervention period using the Mann-Whitney U. Neurons that significantly change 
their firing between the epochs (p<0.05) were tall ied and compared between 
groups. Again, a significantly greater number of cells changed their firing rate 
with inhibition of medial entorhinal cortex when compared to days with no effect 
with laser stimulation (X2 test Psham-r75=0.3375; Psham-r9o=0.9458). 
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Figure 2. 15: Detecting Remapping Through Low Mutua/Information Scores. 
Shannon mutual information captures how reliably the spike rates of a cell 
distinguish positions on the maze, combining both location and rate changes. 
Inhibiting the medial entorhinal cortex caused a significantly lower amount of 
Shannon mutual information to express over the course of the session in the 
population, indicating the spatial representation changed (Mann-Whitney U: 
p=0.0043; KS-test: p=0.0028). 
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Figure 2. 16: A Wider Breadth of Changes, But No Net Change in Shannon 
Mutua/Information. Analyzing the change in Shannon mutual information within 
each neuron between the Baseline and Intervention period, shows that inhibiting 
the medial entorhinal cortex did not cause a net change in Shannon mutual 
information across the population when compared to days without laser 
stimulation (Mann-Whitney U: p=0.2021) . However, there was a significant 
difference in the distribution of changes in Shannon Information (KS-test: 
p=0.0357). Together this means that more cells are undergoing greater changes 
when the medial entorhinal cortex is inhibited, but this does not lead to a net 
change in the ability of the cells to represent the environment. No significant 
changes were seen in shams (Mann-Whitney U: p=0.7478; KS-test: p=0.7872) 
92 
------.. ~ .. . 
A 
,•· 
c 
Figure 2.17: Histology Illustrating ArchT Expression. A: Axon terminals in the 
hippocampus illustrate that ArchT expressing neurons are innervating CA 1, CA3 
and the dentate gyrus. B: Medial extent of the injection site with a hole near the 
location of the fiber tip. C: Lateral extent of virus spread in the medial entorhinal 
cortex. 
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Figure 2. 18: Histology Illustrating the Positions of Electrodes and Optic Fiber. 
Holes in CA 1 in the dorsal hippocampus illustrate that the extracellular 
recordings were performed in the proper location. Scarring in the back of the 
brain illustrates that the optic fiber was centered in the medial entorhinal cortex. 
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Figure 2.19: Tetrode Locations for Rats Expressing ArchT. The burned tips of 
the tetrodes are plotted on the representative sections. Different rats are 
represented by different shades of green. All tetrodes were centered on CA 1. 
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Figure 2.20: Tetrode Locations for Sham Rats. The burned tips of the tetrodes 
are plotted on the representative sections. Different rats are represented by 
different shades of red. All tetrodes were centered on CA 1. 
96 
A t ...... .. 
-- .. - 00 . 
. -. 
:! ·I.)· .. -
B 
. , -
· ·tv• til 
.. 
•··· 
.. --. . 
Figure 2.21: Locations of Optic Fiber Tips. The tip of the fiber optic is estimated 
from the Nissl sections and plotted on the representative sections. All fibers 
were in the MEC. A: Fiber tips in rats expressing ArchT. B: Fiber tips in sham 
rats. 
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CHAPTER 3: 
PROCESSING SPATIAL CONTEXT IS NOT RELIANT UPON 
THEPOSTR~NALCORTEX 
3.1. Introduction 
A crucial feature of episodic memory is remembering not only that an 
event has happened, but how that event is related to other events. The linking of 
events within a contextual reference frame such as space can act to structure the 
links between individual features of memories within the scaffolding of their 
spatial relationships. Spatial information is therefore thought to be critically 
important in the MTL, and the postrhinal cortex has been hypothesized to be the 
mediator of this information in memory (Eichenbaum & Lipton, 2008; Knierim et 
al., 2006). 
The postrhinal cortex is in a prime anatomical position to provide spatial 
information to the structures of the MTL. It receives inputs from the spatially-
responsive posterior parietal and retrosplenial cortices; and it has immediate 
access to perirhinal cortex and MEG through strong direct projections, both of 
which can in turn exert influence over the lateral entorhinal cortex and 
hippocampus (Burwell & Amaral, 1998b; Suzuki & Amaral, 1994 ). 
A clear role for postrhinal cortex in spatial processing has not been made 
evident by previous experiments. Electrophysiological recordings in postrhinal 
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cortex have not yielded precise, coordinate-like location information in single cell 
activity, as seen in the MEC grid cell or hippocampal place cell activity, though 
cells sometimes exhibit broad spatial preference (Burwell & Hafeman, 2003; 
Furtak et al., 2012). The results from lesion work are also inconclusive, as 
deficits in spatial tasks are often transient or express only when 'working 
memory' is taxed (Liu & Silkey, 2002). However, studies using contextual fear 
conditioning have shown that the postrhinal cortex may mediate larger-scale 
spatial distinctions, as in distinguishing the difference between rooms (Bucci et 
al., 2002; Burwell, Bucci, et al. , 2004). Together these studies suggest that the 
postrhinal cortex might not be providing the information that constitutes the highly 
spatially selective activity of downstream MTL regions, but it may still be an 
important contributor to distinguishing spatial contexts. 
Spatial context processing has indeed been demonstrated to be 
dependent on the postrhinal cortex by Norman and Eacott (2005). They found 
that normal rats explore a familiar stimulus displayed in a new environment as if it 
was novel. Lesions of the postrhinal cortex disrupt this effect, suggesting that 
postrhinal cortex is either critical for spatial context processing or associating 
contexts to objects. This result must be taken with some caution though, as 
behavior in spontaneous exploration is highly influenced by subtle factors in the 
testing paradigm. 
It should also be noted that lesions of the postrhinal cortex produce 
deficits in non-spatial tasks, such as auditory-trace fear conditioning (Suter et al., 
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2013), calling into question whether spatial processing is foundational to 
postrhinal function. Moreover, if postrhinal function is not integrally tied to spatial 
processing, it is possible that recognition of spatial environments is not 
necessarily mediated by the postrhinal cortex. 
To address whether recognition of an environment critically relies on the 
postrhinal cortex, two experiments were performed in the present study. The first 
experiment replicated the spontaneous exploration study of Norman and Eacott 
(2005) to evaluate the robustness and reproducibility of their findings. A second 
experiment mc;ide use of a more robust behavioral paradigm, requiring the rats to 
utilize intentional action to clearly demonstrate recognition of the spatial context. 
Requiring intentional action ensures that poor performance is due to a task-
specific impairment, instead of incidental aberrant behavior due to covert 
paradigm parameters. Rats were tested in a conditional discrimination task that 
required the animals to discriminate between two objects using a contextual cue 
in order to obtain a reward. Together the two experiments test whether 
recognition of an environmental context critically relies on the postrhinal cortex. 
3.2. General Methods 
3.2.1. Subjects 
The subjects in this study were 15 male, long-evans rats (Charles River 
Laboratories) weighing 350-400 grams at the beginning of the behavioral 
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training. Each animal was housed individually and maintained in a 12-hour 
light/dark cycle in the Laboratory Animal Care Facility at Boston University. 
During the experiment, animals were moderately food-restricted to maintain a 
minimum of 85% of their free-feeding weight (Purina rat chow). Animals had 
access to water ad libitum. There was a one week period of acclimation to the 
animal facility followed by multiple days of handling by the experimenter to 
habituate the animals to their new environment before behavioral training 
commenced. All procedures were approved by the Boston University Animal 
Care and Use Committee and were in accordance with the standards set by the 
National Institutes of Health. 
Of the 15 total rats in the study, 11 (8 with postrhinal lesions and 3 with 
sham lesions) were used in the Context-Contingent Object Novelty task and 14 
rats (11 with postrhinallesions and 3 with sham lesions) were used in the 
Conditional Discrimination task. Ten rats from the Conditional Discrimination 
used also in the Context-Contingent Object Novelty task. The four additional rats 
in the Conditional Discrimination task had previous training on a separate spatial 
discrimination task. All animals were on rest with free access to food and water 
for a minimum or three weeks before testing on a new paradigm. 
3.2.2. Surgery 
Rats were anesthetized by a constant dosing of 2.5% isofluorane via a 
nose cone attached to a stereotaxic frame (Kopf). A body temperature of 36-38 
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degrees Celsius was maintained via heating pad under control of a rectal 
thermometer, and the .rat was regularly monitored for tissue perfusion via foot 
coloring and depth of anesthesia via tail pinch. Ophthalmic ointment (Puralube) 
was applied to protect the eyes. An intramuscular injection of buprenorphine 
(0.05 mg/kg subcutaneous) was administered as pre-operative analgesia. 
The head of the rat was shaved with an electric razor, and the skin was 
cleaned with two sequential applications of iodine sterilant (Betadine) and 
isopropyl alcohol. A longitudinal incision was made, and the superficial tissues 
were reflected in anatomical layers to expose the bregma and lambda sutures. A 
dental drill was then used to make two oval craniotomies along the most 
posterior region of the sagittal crests to allow access to the postrhinal cortices. 
lbotenic acid (1 Omg/ml in 0.1 M PBS) was pressured injected through a Hamilton 
syringe. The needle was lowered at a 15° angle from the dorso-ventral axis 
toward the first injection site under the guidance of the digital stereotaxic 
navigator. Before entering the brain , a small incision in the dura mater was cut at 
the needle tip. Four injections were made relative to lambda (AP: 0.5, ML: ± 4.4, 
DV: 5.3; AP: - 0.1, ML: ± 4.4, DV: 4.0) After injection, the needle was left in place 
for 10 minutes to allow absorption into the tissue. The needle was slowly 
withdrawn to further minimize spread up the needle tract. The wound was then 
sutured closed (4.0 Ethibond) and dabbed with antibiotic ointment (Neosporin) . 
The procedures were the same for operated controls, except each needle 
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penetration was only lowered 2mm into the brain before being retracted without 
injection. 
After the surgery, the rat was given buprenorphine (0.05mg/kg) every 12 
hours, with meloxicam (1 mg/kg) and cefazolin (50mg/kg) administered daily for 
three days. The rat was carefully monitored until he became ambulatory before 
being returned to the rat colony. The recovery period lasted at least one week. 
The extent of the lesions in each animal is illustrated in Figures 3.9-3.25/ 
3.3. Context-Contingent Object Novelty Task 
3.3.1. Context-Contingent Object Novelty Apparatus 
A circular exploration arena was constructed (one meter in diameter, 
40cm tall walls) that had two interchangeable environment facades designed to 
be maximally distinct in visual appearance and texture: 1) grey acrylic painted 
wood and 2) orange-colored corrugated plastic with a large grid pattern (each 
grid segment measuring 1 Ocm2) constructed of black duct tape. Common 
household items of similar sizes (approximately 7x7x1 Ocm) were used as 
exploration objects. The exploration arena was lit by an overhead LED light-
source, and distal distractions were minimized by surrounding the circular arena 
with a black curtain. The experimenter waited outside the curtain during each 
· exploration. Constant white noise was provided during testing by the air-filtering 
device in the room. 
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3.3.2. Context-Contingent Object Novelty Paradigm 
Before behavioral testing, the rats were habituated to each environmental 
context. Each rat received three habituation sessions in which he was exposed 
to one of the environments for 1 0 minutes with an object placed in the center, 
followed by a 1 0 minute exposure to the other environment with an object in the 
center. Habituation objects were not reused during experimental days. There 
was otherwise no preparatory training. 
Each testing trial consisted of two, consecutive object-context exposures, 
followed by a choice phase where both objects appeared in a single context 
(Figure 3.1). In the first object-context exposure, two copies of an object were 
placed in the center of the arena and the rat was free to explore until he had 
investigated the objects for a total of 30 seconds or 5 minutes had passed. After 
the exposure, the animal was returned to his home cage outside the testing 
arena for a 2-minute inter-stimulus interval. For the second object-context 
exposure, the environment facade was switched out for the alternative and then 
a second object pair was placed in the center. Again, the rat was free to explore 
until the object had been investigated for 30 seconds or five minutes passed. 
Afterward, he was then returned to his home cage for a 2-minute inter-stimulus 
interval. For the choice phase, the installed environment facade was 
pseudorandomly chosen and one copy of each object was placed in the arena. 
The time spent exploring each object was recorded during an exploration period 
lasting three minutes. Each facade was cleaned with 70% ethanol during the 
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inter-stimulus interval. The order of contexts during the exposure, the repeat 
appearance of a context in the choice phase, and the left-right position of the 
objects during the choice phase were all pseudorandomized according to a Latin 
Square, such that all variable combinations were experienced by each rat (23 = 8 
trials). Animals were given one trial per day for eight days, with objects 
presented each day. 
Behavior was monitored through an overhead digital camera, and 
recorded by a Cineplex digital video capture system (Piexon Inc.). Instances of 
active exploration of objects were recorded from captured video using 
stopwatches. Rats had to be within 1 inch of an object and oriented towards it to 
meet the criteria of active exploration. Rearing on the object did not count as 
active exploration. A subset of trials for each rat were independently scored by a 
second experimenter to ensure accuracy and reliability of this measure. 
3.3.3. Context-Contingent Object Novelty Data Analysis 
Exploration preference of object A over object B in the choice phase was 
calculated with the following equation: 
where tA is the time spent exploring object A, and t 8 is the time spent exploring 
object B. 
The effects of the independent variable manipulations on object 
preference were assessed with a 3-way ANOVA (Lesion X Recency X 
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lncongruency) with repeated measures for each rat. Because these three factors 
all modify whether the animal will explore left or right, the positional factor is 
embedded within all other factors. Therefore, all analyses asked whether each 
factor affected the position chosen and are scored relative to the choice of the 
object on the right. 
3.3.4. Context-Contingent Object Novelty Results 
The 3-way ANOVA revealed no significant difference between animals 
with lesions of the postrhinal cortex and the operated controls in being able to 
detect incongruent object-context pairings (Lesion*lncongruency, p=0.4675), but 
there was a main effect of inconguency for all animals (lncongruency, p=0.0013). 
There was also no difference between the rats within each lesion group in 
detecting incongruent object-context pairings (Rats(Lesion)*lncongruency, 
p=0.4418), ensuring that the absence of a lesion effect was not due to outlier 
animals (Figure 3.3; individual rat data Figure 3.2). There were no significant 
effects of side bias between lesion groups (Lesion, p=0.822), or between animals 
within lesion groups (Rats(Lesion), p=0.9897). Relative recency, whether an 
item was presented in the first sample exposure or the second exposure, also 
had no main effect nor an interaction with the effects of the lesion (Recency, 
p=0.5456; Lesion*Recency, p=0.8146). However, there was a significant effect of 
relative recency on individual rats (Rats(Lesion)*Recency, p=0.471 ), which is due 
to one postrhinal lesion animal having a preference for recently presented 
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objects and another lesion animal having preference for the object from the first 
exposure. Nonetheless, there was no interaction between lesion status, 
incongruency, and relative recency by group (Lesion*lncongruency*Recency, 
p=0.1873) or by rat within each group (Rat(Lesion)*lncongruency*Recency, 
p=0.6929). With the lack of significant group effects in all other variables, overall 
these results indicate that the preference to explore an object that is presented in 
a novel environmental context is not disrupted by lesions of postrhinal cortex. 
3.4. Conditional Discrimination Task 
3.4.1. Conditional Discrimination Task Experimental Paradigms 
Two experimental paradigms were used to test .the importance of the 
postrhinal cortex in conditional object-context discrimination (Figure 3.4). The 
first paradigm investigated whether animals that had learned the task well would 
have their performance disrupted by a lesion of the postrhinal cortex. The 
second paradigm examined whether postrhinal cortex lesions would disrupt task 
· acquisition and the performance thereafter. By combining these two approaches, 
we are testing whether the postrhinal cortex has an essential role in processing 
environmental contexts in each of perception, memory, and rule learning. 
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3.4.2. Conditional Discrimination Task Behavioral Shaping 
Animals were first trained to retrieve a cereal reward (Kellogg's Froot 
Loops) shallowly buried in a terra cotta pot (height: 1 Ocm, diameter: 11 em) filled 
with sand in the home cage. Once an animal readily dug in the sand for the 
reward, he was trained on a simple odor discrimination task in which the animal 
was made to choose between two pots: a rewarded pot scented with cloves and 
a foil pot scented with aloe. The east-west positions of the pots were pseudo-
randomized for every trial. Animals were trained for five days a week with one 
training session per day. Each session comprised 60 discrimination trials. 
Training continued until the animal performed at a total of 90% over two 
consecutive days, with each day over 85%. 
3.4.3. Conditional Discrimination Task Behavioral Apparatus 
The maze where object-context conjunctions were presented consisted of 
two large wooden chambers (60 x 60cm) connected by a narrow alleyway. The 
floor and walls of each chamber were lined with a facade that provided a distinct 
environmental context, which was changed for each new conjunctive problem. 
The particleboard facades were covered with a variety of materials that were 
meant to maximize the visual and textural distinctness of the contexts. 
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3.4.4. Conditional Discrimination Task 
In this task, animals were trained to identify which of two distinct pots 
contained a reward depending on the environmental context of the chamber. 
Each pot contained a visually and texturally distinct digging substrate, and the lip 
of each pot was scented with a distinct odor. A pot contained a cereal reward 
only if it was the correct pot for that particular context; and the unrewarded pot in 
one context was the rewarded pot for the other context (Figure 3.5). The pot 
odors were prepared as a 5% solution of essence oil (AuraCacia) in vegetable oil 
(Wesson). 
Before task acquisition, the rats were allowed to freely explore the 
behavioral apparatus on two consecutive days for fifteen minutes to habituate 
them to the maze. Toward the end of the second day and continuing into a third, 
the animals were trained to run from one context chamber to the other by placing 
a cereal reward in alternating sides of the maze. As the animal entered a 
chamber, a partition was placed behind him to prevent backtracking. Task 
training began once an animal readily alternated without showing any startle 
response to the partition insertions. The protocol for training the animals to 
acquire the task differed in the two experimental paradigms, described below 
(Section 3.4.5). 
On each trial in the Conditional Discrimination Task, the animal entered an 
environmental context chamber from the alleyway, a partition was then lowered 
to prevent backtracking, and an exploration period of fifteen seconds 
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commenced. A second partition was then temporarily installed to block the rat 
near the entryway, so that the two choice pots could be placed . After the pots 
were set in separate corners, the partition was lifted to allow the animal to 
choose a pot. The animal was considered to have made his choice when he 
touched his paw or nose to the substrate in the pot. If the animal chose the 
correct pot, a cereal reward was available, buried a centimeter into the substrate. 
If the animal chose the incorrect pot, both pots were quickly removed to prevent 
the animal from getting a reward despite an incorrect initial response. The 
partition at the entryway was then lifted, and the animal shuttled to the alley, 
awaiting the next trial. On most trials, the animal alternated between the two 
contexts , but contexts were pseudorandomly repeated within every block of ten 
trials to ensure that the rats were using the environmental information and not the 
alternation itself to cue which pot to choose. The corner positions of the pots 
were pseudorandomly selected , such that each combination of environment and 
position appeared equally, and the left-right position of the rewarded pot was not 
repeated more than three times in a row. The rats were tested for 50 trials per 
day. After trial 25, the context facades were switched between the chambers to 
ensure the animals were utilizing the local cues during their decisions. Animals 
were moved to the next discrimination after attaining an average of 85% correct 
over the course of two consecutive sessions with the score of neither session 
below 80%. 
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3.4.5. Conditional Discrimination Task Acquisition Paradigms 
Two acquisition paradigms were utilized to assess the role of postrhinal 
cortex in different stages of training, respectively in task performance and task 
acquisition. In the first paradigm, animals learned the Conditional Discrimination 
Task before receiving postrhinal cortex lesions. This training protocol was 
adapted from (Komorowski et al., 2009)). After maze habituation (described 
above), the animals were trained to make conditional discriminations in each 
environmental context in five-trial blocks until they performed at 80% for one 50-
trial session. Afterward , they continued training in the same discrimination with 
blocks of three trials in each environment, which continued until they performed 
at 80% for one 50-trial session. Training on that discrimination then continued 
using the mode of administering trials in the testing phase of the experiment 
(described above). The animals were trained until they made and average of 
85% of their choices correct over two consecutive days, with neither day below 
80%. The animals were then administered a new discrimination without blocked-
trial training until reaching the same criterion. After learning a total of three 
discriminations (including the first with blocked trials), four animals were given 
lesions of the postrhinal cortex, while one animal acted as an operated control. 
After 10-14 days of recovery, animals were tested on the preoperatively learned 
discriminations and acquired two that were new. The order of the discriminations 
in postoperative testing was as follows: #3, #4 , #1, #2, and #5, where 
discrimination #1-3 were all acquired preoperatively. 
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In the second paradigm, animals acquired the Conditional Discrimination 
Task after receiving postrhinal cortex lesions. Once trained to make a simple 
odor discrimination in the home cage and then habituated to the maze (see 
above), four animals underwent surgery to lesion the postrhinal cortex and two 
animals received sham lesions. After a recovery period of 10-14 days, the . 
animals began training to on the Conditional Discrimination Task. Unlike the first 
paradigm, these rats did not undergo blocked-trial training. This procedure 
permitted an explicit test of the acquisition of a single task rule, whereas 
incremental shaping arguably involves repeated forming and breaking of multiple, 
individual rules. Thus, the first discrimination was not trained differently than the 
subsequent discriminations. All rats learned a total of four discriminations. 
3.4.6. Conditional Discrimination Task Data Analysis 
In the first paradigm, the effects of postrhinallesions on the well-learned 
task were tested with a within-animal, repeated measures ANOVA, comparing 
the accumulated errors while learning discriminations before after lesion. 
In the second paradigm, the effects of postrhinallesions on the 
postoperatively acquired task were assessed by 2-way ANOVA, comparing the 
accumulated errors in learning each discriminations between lesion and control 
animals. An a priori planned t-test to assess whether there was a lesion effect on . 
the acquisition of the first discrimination was also performed. 
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3.4.7. Conditional Discrimination Task Results 
The results of both of these paradigms failed to show that postrhinal 
cortex has any effect in the Conditional Discrimination Task. In the first 
paradigm, there was no difference in pre- or postoperative errors to criterion as a 
main effect (p=0.296), or within rats (p=0.2325; Figures 3.6, 3. 7) . In the second 
paradigm, there was no overall effect of lesion (Lesion; p=0.3248), nor was there 
any interaction between the lesion status for individual discriminations 
(Lesion*Discrimination; p=0.1127; Figure 3.8) indicating that the animals with 
postrhinal lesions did not significantly differ in errors when each discrimination 
was considered independently. The planned t-test assessing whether the 
animals with postrhinal damage were different than shams in acquiring the first 
discrimination was also not significant (p=0.1035). 
3.5. Discussion 
Overall , the results of the combined experiments suggest that the 
postrhinal cortex is not critical for processing spatial contexts. Animals with 
lesions of the postrhinal cortex do not show an appreciably attenuated 
recognition of novel object-context pairings, nor do they show deficits in utilizing 
spatial context to make a conditional discrimination. 
The effects of postrhinal lesions on the exploration of novel object-
environment pairs observed by (Norman & Eacott, 2005) was not replicated in 
this study. Despite attempting to recreate the original study precisely, the 
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inability to replicate the finding suggests that the effect is very sensitive to 
specific testing parameters. This is quite notable, because this paradigm is one 
of only a few showing that processing of spatial contexts is critically dependent 
on postrhinal cortex. It is not entirely surprising that these results were difficult to 
replicate, because randomness implicit in spontaneous exploration makes it an 
extremely noisy measure. It is possible that the chosen stimuli and environments 
were not the best to tax postrhinal processing, however the requirement of strict 
testing parameters makes it dubious that postrhinal has a pervasive role in 
spatial context processing. To this point though, all animals did significantly · 
prefer to explore incongruent object-context pairs, so it is clear that postrhinal 
cortex was not necessary for recognizing these contexts or linking them to the 
objects. Since the results from this paradigm are unreliable, the previous 
conclusion that postrhinal cortex mediates spatial context information should be 
questioned. 
Additionally, no deficit was observed in the conditional discrimination task 
with postrhinallesions. Ablations did riot lead to deficits, regardless of whether 
they occurred before training or after task acquisition. Because this experimental 
paradigm required intentional behavior to complete a trial, the animal was able to 
clearly demonstrate an intact use of object-environment conjunctions despite 
their postrhinal lesions. These findings complement the results of the first 
postrhinal experiment in the study, namely that the postrhinal cortex does not 
critically mediate object-environment conjunctions. This result additionally 
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indicates that the postrhinal cortex is not critical for perceiving spatial 
environments. Further, these findings together suggest that it may be incorrect 
for 'spatial context' to be integral to the definition of postrhinal function. 
On the face of it, the negative findings from these experiments may be 
hard to reconcile with the combined evidence of contextual fear conditioning 
deficits and the original experiment by (Norman & Eacott, 2005). In both of these 
experiments though, it is not clear that the 'spatial' aspect of the spatial context 
critically requires postrhinal involvement. Pertinent to this point, (Bucci et al., 
2002) showed that their contextual fear conditioning was dependent upon 
detecting a configuration of several individual elemental features, including the 
chamber, visual cues, odor, and time of day; and each individual element was 
shown to be insufficient for the rats to discriminate between contexts. This 
"incidental binding" of disparate features has been shown by others to critically 
depend on the hippocampus. However, when explicit attention to the 'context' is 
required to make a discrimination, the task is no longer hippocampal dependent 
(Good et al., 1998). This is likely because a context comprising an ambiguous 
confederation of cues becomes a cognitive operandum, and attention is shifted to 
an individual element. 
The selective involvement of the hippocampus suggests that two different 
modes of neural processing can participate in processing spatial contexts. In the 
Conditional Discrimination task, the explicit identification of the context is integral 
to good task performance, and therefore does not critically engage the parts of 
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the MTL that contribute to incidental configura! binding. Instead, it is likely that 
the operationalized maze walls are being considered as objects, and the animals 
solve the task using object-object association, which is found to rely on the 
perirhinal cortex (Higuchi & Miyashita, 1996; Murray et al., 1993). It is, however, 
interesting to note that lesions of the postrhinal cortex and the hippocampus 
result in similar contextual deficits. This suggests that the two regions may serve 
convergent functions toward binding disparate elements in the service of 
contextual processing. 
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Exposure 1 Exposure 2 Choice Phase 
Figure 3.1: Context-Contingent Object Novelty Task 
A testing trial consisted of two, consecutive object-context exposures, followed 
by a choice phase where both objects appeared in a single context. During 
exposures, two copies of an object were placed in the center of the arena and 
the rat was free to explore for a total of 30 seconds or 5 minutes had passed. 
During the choice phase, object preference was assessed through the amount of 
time spent exploring each object during a 3 minute period . 
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Figure 3.2: Results from the Context-:Contingent Object Novelty Task. 
A) Postrhinal lesions caused no significant change in exploration of an object 
presented in a novel context pairing (ANOVA: Lesion X lncongruency, p=0.4675), 
and the main effect of increased exploration of incongruent pairings was intact for 
all animals (ANOVA: lncongruency, p=0.0013) . B) Though the animals explore 
incongruent pairs more, that behavior is highly variable (bars = 1 standard 
deviation). C) Two animals in the lesion group also showed an exploration 
preference base on how recently they saw the object. 
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Analysis ofVariance 
Source Sum. Sq. cl. f. Hean Sq. F Prob>F 
Lesion 0.0048 1 0.00485 0.05 0.8:: 
P.ats(Lesion) 1. 0505 1: 0 . 08754 0.:3 0.9897 
lnc:ongruenc:y :.386 1 :.3860: 16.34 0.0013 
P.ec:enc:y 0.1359 1 0.13589 0.39 0.5456 
Lesion*lncongruency 0.0816 1 0.08156 0.56 0.4675 
Lesion*'P.ecenc:y o.o:o: 1 0.0:017 0.06 0.8146 
Rats(Lesion)*Inc:ongruency 1. 73:1 1: 0.14434 1. 09 0.4418 
Rats(Lesion)*Rec:enc:y 4.3473 1: 0 .36::7 :.74 0.0471 
lncongruency*Rec:enc:y 0.::94 1 0 . ::945 1.7 0.:131 
Lesion*Incongruency*Rec:ency o.:593 1 o .:59:9 1. s : 0.1873 
Rats(Lesion)*lncongruenc:y*Recency 1. 5888 1: 0.13:4 0.76 0 . 69:9 
En: or 11.:::7 64 0.17535 
Total :4.:741 119 
Constrained (Type Ill) sums of squares. 
Figure 3.3: ANOVA Context-Contingent Object Novelty Task. 
The presence of a postrhinal lesion does not alter exploration of an object 
presented in a novel context pairing (ANOVA: Lesion X lncongruency, p=0.4675), 
and the main effect of increased exploration is intact (ANOVA: lncongruency, 
p=0.0013). Of note, some rats only in the lesion group were significantly biased 
toward exploring an object based on how recently it was seen (AN OVA: 
Rats(Lesion)*Recency. 
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I: Preoperative Acquisition 
Conditional S Conditional 
Discriminations urgery Discriminations 
Is Postrhinal Cortex Important for Task Performance? 
II: Postoperative Acquisition 
Conditional 
Discriminations 
Is Postrhinal Cortex Important for Rule Acquisition? 
Figure 3.4: Conditional Discrimination Task Experimental Paradigms 
Two task acquisition paradigms were utilized to investigate the contribution of 
postrhinal cortex at different stages of animal training. The first paradigm tested 
whether animals that had learned the task well would have their performance 
disrupted by a lesion of the postrhinal cortex. The second paradigm examined 
whether postrhinal cortex lesions would disrupt task acquisition and the 
performance thereafter. 
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Context A Context 8 
Context A Context B 
Figure 3.5: Conditional Discrimination Task Schematic 
Rats identified which of two distinct pots contained a reward depending on 
the environmental context of the chamber. Each pot contained a visually and 
texturally distinct digging substrate, and the lip of each pot was scented with a 
distinct odor. A pot contained a cereal reward only if it was the correct pot for 
that particular context, and the unrewarded pot in one context was the rewarded 
pot for the other context. Figure from (Navawongse & Eichenbaum, 2013) 
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Figure 3.6: Preoperatively Learned Conditional Discrimination Task --Group 
Errors to Criterion. Performance after receiving postrhinal ablation on a 
preoperative learned conditional discrimination task is unimpaired as a group 
(repeated measures ANOVA, p=0.296). A) Preoperative errors to criterion. 
B) Postoperative errors to criterion. 
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Figure 3. 7: Preoperatively Learned Conditional Discrimination Task --Individual 
Errors to Criterion. Performance aftj r receiving postrhinal ablation on a 
preoperative learned conditional discrimination task is unimpaired for each 
individual (repeated measures ANOVA, p=0.2325). The rat named Green was 
the control. A) Preoperative errors to criterion. B) Postoperative errors to 
criterion. 
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Figure 3.8: Postoperatively Learned Conditional Discrimination Task-- Errors to 
Criterion. Performance after receiving postrhinal ablation on a preoperative 
learned conditional discrimination task is unimpaired for each individual 
(repeated measures ANOVA, Lesion; p=0.3248). The rats named Klimt and 
Ganesha were the controls. There was also no interaction between the lesion 
status and individual discriminations (Lesion*Discrimination; p=0.1127) . 
. A) Errors to criterion by group. B) Errors to criterion by rat 
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Figure 3. 15: Postrhinal Lesion Rat #4 -- Woody 
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Figure 3.22: Postrhinal Lesion Rat #11 --Johnny Law 
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Figure 3. 23: Postrhinal Lesion Rat #12 -- Petrie 
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Figure 3.24: Postrhinal Lesion Rat #13 --Dolomite 
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Figure 3. 25: Photomicrograph of Postrhinal Lesion Rat #9 -- Uma 
These photos demonstrate one of the larger lesions of the postrhinal cortices and 
surrounding regions. Despite damage that was so expansive that it had 
unilateral infiltration into TEv and the auditory cortex, this animal showed no behavioral 
deficits in the conditional discrimination or context-contingent object novelty tasks. 
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CHAPTER4: 
CONCLUSION 
Together, the experiments in this dissertation call into question the 
prominent theory that the medial entorhinal cortex and postrhinal cortex critically 
mediate spatial processing in the MTL. Previous experimental evidence had 
been equivocal on the matter, but the experiments in this dissertation suggest 
that spatial processing remains intact without contributions from these regions. 
The results of these experiments address several quandaries from the literature, 
namely why spatial deficits following medial entorhinal cortex or postrhinal cortex 
lesions are more apparent in rapid, one-trial learning and also why acquisition of 
tasks tends to be protracted following these studies. This dissertation also 
addresses the parameters which are likely to tax the function of these cortices, 
and in doing so elucidates the nature of contextual processing deficits that impair 
performance in spatial tasks. These issues will be discussed further below. 
In Chapter 2, transient inactivations of MEC shifted the spatial coding 
properties of hippocampal neurons, thereby effectively biasing the representation 
of the spatial environment from a baseline to a new, stable schema. Thus, 
implementing changes in the active population of MEC neurons dynamically 
shifts which hippocampal populations can participate in the spatial 
representation. This result is especially remarkable, because MEC inactivations 
were transient whereas hippocampal remapping remained constant. The 
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punctuated, stable shift in hippocampal activity after MEC inactivation is 
reminiscent of previous findings showing that distinct conteXts can reliably elicit 
activity from different ensembles (Muller & Kubie, 1987). In addition, switching 
between ensemble states does not result in any reduction in the spatial 
information content of the population, indicating both neural ensembles represent 
their environment comparably well. It therefore appears that the role of the MEC 
in spatial processing is to mediate shifts between different context-driven 
representations of the same environment. 
The nature of the spatial processing in the MTL was further considered in 
Chapter 3 in an investigation of the role of the postrhinal cortex in processing 
spatial context. Though previous studies found that the postrhinal cortex was 
critical for processing spatial contexts (Gaffan et al., 2004; Norman & Eacott, 
2005), the experiments in this study did not corroborate those findings. Due to 
the animal explicitly engaging the cues in the environment to make 
discriminations in the experiments here, it is proposed that the animal operated 
on the environmental cues as objects. Studies that have demonstrated deficits 
with postrhinal lesions involved an incidental use of environmental cues, 
suggesting that it is the incidental linking of cues that requires the postrhinal 
cortex and not the processing of a space, per se. Importantly, the studies that 
observed deficits in incidental cue learning with postrhinal lesions also found 
deficits with lesions of the perirhinal cortex (Bucci et al., 2002; Burwell, Bucci, et 
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al., 2004), indicating that an interaction between these regions may be involved 
in contextual processing. 
4.1. "Space" versus "Context" 
In the presented experiments, the processing of spatial information did not 
rely on either MEC or postrhinal cortex function. The findings of this dissertation 
corroborate previous behavioral and electrophysiological studies that 
demonstrate spatial processing in the MTL remains intact despite lesions of the 
MEC or postrhinal cortex. Though these results are not in agreement with some 
previous theoretical formulations describing the function of cortices within MTL, 
the differences are not irreconcilable. 
A reconsideration of the MTL processing streams seems in order. It was 
perhaps an oversimplification to extend the functional designations from the 
'what'. and 'where' visual streams into the MTL. Though there are numerous 
studies supporting the role of the perirhinal cortex in object processing, few 
studies have yielded a clear deficit in spatial processing with lesions of the 
postrhinal cortex. The essential role of the MEC in processing space is also in 
question as lesion studies have shown that spatial deficits are subject to specific 
task requirements. Moreover, it was almost unavoidable that the functions of 
these cortices have been often linked to spatial processing, because the 
investigation of these structures has been largely limited to their role in spatial 
tasks. Given that both the postrhinal cortex and MEC have been shown to be 
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involved in tasks outside the spatial domain, it seems likely that contributing to 
spatial processing is only one aspect of a broader function. By remaining 
preoccupied with proving that these cortices are involved in spatial processing, 
progress toward discovering how these structures truly operate is hindered. 
The notion of 'context' needs a reintroduction without a necessary 
involvement of spatial information. In discussing the results of the postrhinal 
cortex experiments (Chapter 3), it was argued that 'context' is a nondescript 
grouping of elemental features. Spatial relationships can be a feature of 
elements; however it is not necessary to have spatial information to have 
meaningful context. Not all spaces must provide context, and not all contexts 
must be spaces. Instead, it is proposed that any constellation of factors that 
modify how objects or events are processed is 'context'. In this way, contexts 
'set the occasion' dictating how objects are processed and whether they will be 
linked with meaningful relationships (Holland & Bouton, 1999). Moreover, there 
is no reason why a context has to be a tangible part of the external world. The 
internal state of the animal can also dictate how objects and events are 
processed. There is evidence for this in MTL circuitry: motivational state (hunger 
or thirst) has been shown to dictate how cells in the hippocampus fire in a maze 
(Kennedy & Shapiro, 2009). Indeed, what seems to compose a context is a 
configuration of situational features that together signal a behavioral contingency. 
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4.2. Attentional Sets 
If the MEC and the postrhinal cortex contribute to MTL function by 
processing context, the effect of their contribution would be observed through 
their influence on processing in their efferent targets. Just as MEC affects how 
information is processed in the hippocampus by biasing which ensembles are 
active, the postrhirial cortex is hodologically situated to bias the information being 
processed in both MEC and the perirhinal cortex. It is hypothesized here that 
postrhinal" cortex influences the way that object information is processed in 
perirhinal cortex, just as the MEC influences the way that events are related to 
one another in the hippocampus. 
It is well known that the perirhinal cortex is essential for object recognition 
memory and learning object-object associations (Bunsey & Eichenbaum, 1993; 
Meunier et al., 1993; Murray et al., 1993). Individual cells in the perirhinal cortex 
acquire responding to the paired associate of its preferred stimulus (Higuchi & 
Miyashita, 1996), which is likely accomplished in the intrinsic circuitry of the 
perirhinal cortex, as the hippocampus and parahippocampal cortex do not affect 
paired-associate learning (Murray et al. , 1993). Though the perirhinal cortex is 
sufficient for forming simple associations between closely related objects , 
associations between objects that are not closely related have been shown to 
depend on the postrhinal cortex, e.g. contextual fear conditioning (Burwell, Bucci, 
et al., 2004). By providing an extra computational layer of neurons that can 
bridge disparate regions of the perirhinal cortex, the postrhinal cortex provides a 
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substrate for linking situationally-related objects together within one mottled 
category. ·Activity of a single node within the postrhinal cortex would then 
provide a means of priming the activity of perirhinal cells within this mottled 
category. Consequently as an animal encounters the world and recognizes the 
context, it will be more likely to register the objects in the perirhinal cortex whose 
ensemble has been potentiated through postrhinal afferents. Therefore the 
postrhinal cortex biases which objects will be recognized . Notable studies from 
the human fMRIIiterature has shown that the parahippocampal cortex is highly 
active while items that are semantically related are presented in rapid succession 
(Aminoff et al., 2006; Bar & Aminoff, 2003). It stands to reason that the 
postrhinal cortex is then recognizing that there is a semantic link between these 
objects and through its strong projections to the perirhinal cortex may be framing 
the objects as appearing within a category. Just as the MEG primes the activity 
of a particular ensemble within the hippocampus, so too might the postrhinal 
cortex prime the object processing in the perirhinal cortex. Moreover, postrhinal 
cortex may have a similar role in modulating event processing in the 
hippocampus by way of its projections to the MEG. In addition, this framework 
has the advantage of being mechanistically plausible, as simple network 
modulation, such as subthreshold excitation or selective disinhibition of the 
appropriate perirhinal population, could serve to potentiate object processing. 
If the postrhinal cortex and MEG play the suggested roles in dictating how 
information will be processed, it can be argued that these regions are governing 
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the attentional set for the animal. By priming object categories or relational 
schemata, these regions are affording the ability to selectively process 
information that is presently relevant. Indeed, lesions of the medial entorhinal 
cortex yield impairments when rats are required to make extradimensional shifts 
while learning multimodal discriminations, whereas intradimensional shifts are 
unaffected (Oswald et al., 2001). The impairments that are observed after 
postrhinal or medial entorhinal lesions on tasks that require rapid one trial 
learning , linking disparate objects, or the acquiring of a new rule would all be 
strongly influenced by rigid attentional sets. In all of these cases, the animal is 
required to efficiently shift attention to incorporate disparate objects or events, 
and not perseverate attention on previously rewarding cues. If the postrhinal 
cortex and MEC are contributing to MTL processing by biasing the attentional 
set, they would be crucial in mediating all higher order memory function. 
4.3. Input Guiding the Definition of Attentional Sets 
Attending to relevant stimuli in an uncertain world of changing 
circumstance is fundamental to adaptive behavior. Because the function of the 
medial entorhinal and postrhinal cortices has been framed as 'defining the 
attentional set', the question now is: what information is modulating these 
cortices to specify the appropriate attentional set? How are the postrhinal cortex 
and medial entorhinal cortex being informed about changing circumstances? 
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The anterior cingulate cortex is a likely candidate to be informing the MTL 
about changing task contingencies, as it is commonly believed to be critical for 
evaluating outcome and cost of motivated behavior. This function of the anterior 
cingulate cortex has also been called adaptive decision making (Paus, 2001; 
Walton et al., 2007), and includes task switching (Johnston et al., 2007), 
monitoring reward history (Lee et al, 2004), cost-benefit evaluation (Hillman & 
Silkey, 2010; Hillman & Silkey, 2012), maintenance of effective rewarded 
behavior (Chudasama et al., 2012), and evaluating effort and reward to organize 
behaviors (Cowen et al., 2012). As this area seems to be crucial in evaluating 
how the animal is going to respond to its circumstance, it would be advantageous 
if the anterior cingulate cortex was also involved in influencing the attentional set 
of the animal. Were this to be the case, the anterior cingulate cortex could 
coordinate a set of motor responses with a perceptual set of relevant objects, 
which would be ideal for efficient responding to appropriate objects in a given 
situation. 
This task relevant information can be transmitted from the anterior 
cingulate cortex to the MTL via two routes. There are direct projections from 
anterior cingulate to the postrhinal cortex and entorhinal cortex (Suzuki & Amaral 
1994, Jones & Witter 2007; Mohedano-Moriano et al. 2007). However these 
projections to the MTL are not as dense as those coming from the retrosplenial 
cortex, which is strongly innervated by the anterior cingulate cortex. Indeed, the 
retrosplenial cortex has been demonstrated in lesion experiments to critically 
149 
mediate the binding of stimuli in a manner that parallels postrhinal cortex (Keene 
& Bucci , 2008b; Robinson et al., 2011), and communication between 
retrosplenial cortex and postrhinal cortex has been shown to be critical for 
contextual fear conditioning (Robinson et al., 2012). Electrophysiological 
evidence also supports retrosplenial involvement in conveying information about 
circumstances, as the head direction network (Taube, 2007), which includes the 
retrosplenial cortex, MEC and anterodorsal thalamic nucleus, exhibits a 
preference to orient to task relevant cue stimuli (Dudchenko & Zinyuk, 2005; 
Taube & Burton, 1995). In addition, lesions of the retrosplenial cortex in monkey 
result in deficits in defining attentional set, as monkeys could not readily switch to 
new discriminada in a primate version of the Wisconsin Card Sort Task 
(Schettler, 201 0); this is a result that was also seen in a human patient with 
unilateral damage to the retrosplenial cortex (Valenstein et al., 1987). It seems 
likely that one of the roles of the retrosplenial cortex is to convert the task 
information from the anterior cingulate cortex into a signal that can guide the 
selection of attentional sets through the postrhinal cortex and MEC. 
Through the projections from the anterior cingulate and retrosplenial 
cortices, the MTL is informed about changing circumstances in the world and can 
shift its attention to the set of objects and events that have become relevant. In 
this way, these connections make an integral contribution to the processing 
milieu of the MTL. As other afferent information merges with inputs from the 
cingulate region, the postrhinal cortex and MEC cultivate a computational 
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scaffolding that filters out distracting information and potentiates the processing 
of objects and events that are beneficial to the animal. 
It is no wonder that spatial processing has long been associated with the 
MTL, because space is a prominent predictor of circumstance. Though internal 
state may be the strongest driver of context, spatial information is one of the 
most salient ways to discriminate one circumstance from another. This is 
especially valid for rodents, as their limited range of experiences can likely be 
fully orthogonalized just with spatial information alone. Because there are events 
that can only happen in particular locations, the inputs providing spatial 
information are critical to maximizing efficient contextual processing. However, it 
would be a mistake to equate context and space. Space is just one factor that 
contributes to contextual processing. Though we owe much of our 
understanding of the MTL to the rodent, our heavy reliance on spatial tasks have 
too heavily biased our understanding of contextual processing. The time has 
arrived to consider that the full scope of contextual processing is richer than mere 
spatial location. 
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